Mutagenesis studies of the Pseudomonas global regulator, MorA, and cloning of its signaling pathway member, Adenylate Cyclase by THATTENGAT JYOTHILAKSHMI MENON
MUTAGENESIS STUDIES OF THE PSEUDOMONAS GLOBAL 
REGULATOR, MorA, AND CLONING OF ITS SIGNALLING 
















                                  T. JYOTHILAKSHMI MENON 
                      B.Sc. (Hons) Botany,  P. G .Diploma in Biochem. Tech, 




       
 







                                                           
 
 
  A THESIS SUBMITTED FOR THE  DEGREE  OF  MASTER OF SCIENCE 
                             
                          DEPARTMENT OF BIOLOGICAL SCIENCES 
                             
                           NATIONAL UNIVERSITY OF SINGAPORE 
                                                               
                                                                2007 






I am indebted to my supervisor, A/P Sanjay Swarup for his unstinting motivation, 
patience and support throughout my candidature. My thanks to Dr. Sivaraman for 
allowing me to do some part of my work in his lab. I am deeply grateful to my 
family for their constant support. 
Thanks also to the DBS staff for their helpful and cooperative attitude throughout 
which made studying at NUS an unforgettable and pleasurable experience. 
I am very grateful to Dennis and Wei Ling for their help at various times in lab 
without which I would not have been able to complete my work. I am also grateful 
to all my labmates for the congenial atmosphere in my lab. Thanks to all my friends 
at NUS for their support and their patience in bearing with me. 
A special thanks to Asha M.B., Sheela Reuben, Alex Shapeev and Jessie for being 
very supportive mentors and friends . 
I would like to thank Shu Shinla, for help with some part of my biochemical work, 
as part of his project assignment. 
Last but not the least, I am indebted to NUS for providing me with the Research 
Scholarship without which I could not have completed my studies. 
 
 
             
 
   i 
                               TABLE OF CONTENTS  
 
 
ACKNOWLEDGEMENTS…………………………………………………………………..     i 
SUMMARY………………………………………………………………………….. ………   iii   
LIST OF  TABLES.………………………………………………………………...................   iv                                                                               
LIST OF  FIGURES....………………………………………………………………………..    v     
LIST OF ABBREVIATIONS…………………………………………………………….….    vi  
 
CHAPTER 1. INTRODUCTION  
                       A) BACTERIAL MOTILITY.….…………………………………………………………. 1 
                     B) BIOFILM FORMATION…............................................................................................5 
           C) TO STICK OR NOT TO  STICK?.................................................................................... 8 
          D) C-DI-GMP SIGNALING  IN BACTERIA.……..…………………………………………8 
                         E) PRESENT WORK: MORA AS A GLOBAL REGULATOR OF MOTILITY AND BIOFILM  
                    FORMATION IN  PSEUDOMONAS…………………………………………………………17 
      
 
CHAPTER  2. MATERIALS AND  METHODS  
                         A) MUTAGENESIS STUDIES OF MORA                 
                2.1 Bacterial strains and cultivation……………………………………………..20 
                 2.2 Preparation of competent cells...…………………………………………… 20 
                 2.3 Site-directed mutagenesis of MorA-GE and MorA full length domain……..21 
                2.4 Transformation of the mutated plasmids…………………………………….22 
              2.5 Analysis of mutant colonies...….……...…………………………………… 23 
                 2.6 Expression and Purification of the MorA mutant GE-N*...…………………23 
                2.7 Resolubilization of MorA-GE-N*...…………………………………………24 
                2.8 Affinity purification and on column cleavage of MorA-GE…...……………25 
 
                         B) CLONING AND SEQUENCING OF ADENYLATE CYCLASE FROM P. PUTIDA 
                2.1 Bacterial strains and cultivation…..…………………………………………26 
                2.2 Preparation of competent cells…..…………………………………………. 27 
                2.3 DNA Sequencing……………..……………………………………………..27 
               2.4 DNA manipulations and analysis…..………………………………………. 27 
 
CHAPTER 3.  RESULTS 
           A) MUTAGENESIS STUDIES OF PSEUDOMONAS MORA………………………………….33 
                       B) CLONING, SEQUENCING AND BIOINFORMATIC  
                 ANALYSES OF PPAC…………………………………………………………..36 
    
    
CHAPTER  4.   DISCUSSION 
                A)  MUTAGENESIS STUDIES OF PSEUDOMONAS MORA……….………………………...41 
                          B)  CLONING, SEQUENCING AND BIOINFORMATIC ANALYSES OF  





     
APPENDICES ………………………………………………………………………………….60  
   
 
     ii 
                                                         




Bacteria can exist in free living state (planktonic state) or as part of surface associ-
ated multicellular communities called biofilms. Their ability to shift between these 
two states is determined by various environmental factors including nutrient levels, 
moisture etc. Regulation of flagella formation is critical for both swimming in liquid 
and viscous media, swarming along surfaces as well as biofilm formation. Many 
factors play a role in this regulation including local and global regulators and quo-
rum sensing.  MorA is one such global regulator of flagellar development in Pseu-
domonas, whose mutation results in derepression of flagellar development that leads 
to enhancement of motility and chemotaxis. Our laboratory is working extensively 
at uncovering the various aspects of MorA mediated signaling pathways. In this as-
pect, previous workers had screened a set of hypermotile morA revertant mutants 
and identified a few genes downstream of morA. One of these genes, an Adenylate 
cyclase (PpAC) has been cloned and sequenced fully in this study. Possible roles in 
the morA signaling pathway are discussed. In addition, some site directed mutants of 
morA were created and protein expression studies were carried out. A comprehen-
sive account of flagellar biosynthesis, motility, and role of various regulators 
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                              CHAPTER 1.     INTRODUCTION 
 
 
Bacteria can exist in the solitary state or as a group of cells. In the colony state, they 
form biofilms and fruiting bodies in unfavourable conditions (Harshey,2003). 
 
A.  BACTERIAL  MOTILITY: 
Bacterial motility has been categorized into six different types: Swimming, swarming, 
gliding, twitching, sliding and darting. Swimming and swarming are derived from the 
action of flagella whereas twitching involves type IV pili and sliding and spreading 
refers to passive translocation.  
 
a. Non flagellar mediated motility:  
Gliding Motility (Adventurous motility) 
Filamentous or rod shaped cells bacteria move across solid surfaces through a non-
flagellated, smooth process called gliding. The most well known are filamentous 
cyanobacteria, Myxococcus, Cytophaga and Flavobacterium.  Gliding occurs either    
through a process of slime extrusion or through the help of motility proteins, present 
on the cell surface (anchored in the cytoplasmic membranes and outer membranes) 
which through a continuous push-pull mechanism pushes the cell forward.  (Harshey, 
2003; Madigan and Martinko, 2006).  
 
Social Gliding or gliding with pili (Retractile motility) 
It is an intermittent, jerky movement, driven by the active extrusion and retraction of 
polar pili predominantly displayed by single bacterial cells on moist surfaces infected 
with phage.  This type of movement is the basis for radial expansion of colonies 
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leading to the formation of fruiting bodies and biofilm.   
Sliding and Spreading: 
Sliding is produced by the outward expansion of sheets of cells of a growing colony, 
driven by a combination of surface tension forces between the colony and the 
surface, expansive forces and surfactants. Slime provides hydration which enables 
the functioning of flagella and pili as well as allowing spreading of cells in absence 
of motility and also protects the cells from drying out. It plays a role in surface 
colonization. 
 
b. Flagella mediated motility:  
 Swimming and Swarming:  waving to swim 
Bacteria use flagellar rotation to propel themselves (swim) through liquid or viscous 
 environments. Normal swimming action follows Brownian motion patterns. 
Swarming motility 
Swarming was first described by Hauser in Proteus species and is displayed by 
groups of flagellated bacteria on solid surfaces. Swarmer cells move either forwards 
or backwards and reverse their direction only on impact with another group of cells.  
Swarming plays a role in the colonization of natural environments by 
microorganisms. Swarming cells possess more flagella as compared to swimming 
cells, are more elongated and are encased by a highly viscous slime. The 
development of swarmer cells mediate conditions that slow down flagellar rotation 
(increase in the viscosity of the medium, decrease in motor speed of the flagellum).   
Bacterial flagella can sense external hydration 
Bacteria can switch between swimming phenotype and swarming phenotype when 
their environment is changed from a highly hydrated environment to a more dried 
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FIG 1.1.  Flagellum and its components (Source:Flagellar assembly-
Pseudomonas fluorescens Pfo-1- Kegg pathway-http://
www.genome.jp/dbget-bin/show_pathway?pfo02040+Pfl_1501 ) 
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out one as shown by Harshey and colleagues in Salmonella typhimurium, 
Escherichia coli and Serratia marcescens. (Alberti & Harshey, 1990; Harshey & 
Matsuyama, 1994).  This switch is accompanied by an increase in the number of 
flagella, elongation of the cell and a crawling behaviour of the cells. New research 
by the same group (Wang et al. 2005) has shown that bacteria uses their flagella as a 
sensor to check the degree of hydration in their environment  and can regulate their 
length accordingly. 
Structure of a flagellum: 
Flagella are long, thin, flexible structures attached at one end to the cell and free at 
the other end.  Bacteria may be polar, lophotrichous or peritrichous, depending on 
the position of the flagella. Flagella are helical in shape and are composed of protein 
subunits called flagellins. A flagellum (based on E. coli and Salmonella) consists of 
the basal body, flagellar motor, switch hook, flagellar filament, and the base. In 
addition, there are capping proteins and junction proteins (Macnab,2003; Mc Carter 
2006)( Figure 1.1) 
i) Basal Body: 
The basal body consists of an integral membrane ring called the MS ring, a rod that 
traverses the periplasmic space, a periplasmic P ring, and an outer membrane L ring. 
The basal body is a passive structure, i.e. it receives torque from the motor and 
transmits it to the hook and then to the filament. In gram positive bacteria there is no 
L ring. 
ii) Flagellar motor: 
It has two parts rotor and stator. The rotor is made from multiple copies of a 
structure composed of two proteins MotA and MotB, arranged around the basal  
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body. The rotor is attached to the peptidoglycan layers of the cell through non 
covalent interactions. The stator is composed of multiple copies of FliG, 
noncovalently attached to the MS ring. The motor generates the torque. 
iii)  Switch:  
In Salmonella, there is a switch composed of subunits of three proteins FliG, FliM, 
and FliN.  The switch is responsible for mediating the change in direction of the 
rotation of the flagellum from clockwise to counterclockwise. FliM and FliN forms 
a cup shaped structure called the C ring. 
iii) Hook:  It is a cylindrical structure and helps in the efficient functioning of the 
bacterium. 
iv) Flagellar filament:   
The filament is long, thin, helical and can rotate in a screw like fashion. It consists 
of 11 fibrils arranged in a cylindrical fashion with a slight tilt away from the axis. 
Several types of forms are possible. 
v) At the tip of the growing filament is a capping structure, the filament cap which 
is present  at all stages in the flagella assembly over the growing end. 
vi) Junction proteins: two sets of these proteins are present in the zone between the 
hook and  filament. 
 The rotatory motion of the rotor is responsible for the rotation of the 
flagellum. The energy required for the rotation of the flagellum comes from the 
proton motive force,   generated through the Mot complex across the cytoplasmic 
membrane.  
 The motor rotation in the counter clockwise direction results (CCW) in 
running or smooth swimming while rotation in the clockwise direction (CW) results 
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FIG 1.2. Structure and morphogenesis of the bacterial flagellum (Reprinted with  
permission from Regulation of flagella by L. L. McCarter. Current Opinion of Mi-
crobiology 2006  9: 180-186. 
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in the tumbling action. ( Macnab, 2003; Madigan and Martinko,  2006). 
 
Chemotaxis and Flagellar rotation: 
The Chemotaxis signal transduction network is responsible for mediating the switch 
between these two modes in response to the presence of various attractants/
repellents in the medium. The chemotaxis system consists of a system of sensory 
receptors in conjunction with cytoplasmic phosphorylation cascade components.  
 
Flagellar Biosynthetic pathway and Assembly: 
Biosynthesis of flagella has been studied most in E. coli and S. typhi. Greater than 
40 genes are necessary for motility. (Figure 1.2). The products of these genes are 
involved in various functions including encoding structural proteins of the flagellar 
apparatus, export of flagellar components through the cytoplasmic membrane to the 
outside of the cell and regulation of gene expression.  
 
Regulation of Flagellar Synthesis: 
The temporal expression of the flagellar biosynthetic machinery genes correspond to 
the order of assembly of the flagellar components. There are several systems of 
flagellar regulation being studied, of which the most widely understood are that of 
Escherichia coli and Salmonella typhi. Some of the major regulator systems include 
the FlhDC ( Master regulator) three tiered system in lateral flagellar systems, CtrA 
in C.crescentus (polar),  FleQ / FlrA /  FlaK in Pseudomonas, LafK  in Vibrio 
parahaemolyticus. There is a complete lack of a transcriptional cascade for flagellar 
gene regulation in Spirochetes (reviewed in Mc Carter, 2006). 
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B. BIOFILM FORMATION: 
Bacteria, along with other microorganisms like slime molds, show a predilection to 
exist as part of a community rather than in a free living state. Biofilms are 
community based, surface bound, sedentary life styles of microorganisms. The 
adhesive tendency to form biofilms confers tremendous evolutionary advantage on 
microbes as compared to the planktonic state. It not only ensures adequate nutrient 
availability to cells near surface but also confers protection from predators (Parsek 
and Singh, 2003;  Dunne, 2002).    
                    Biofilm development is initiated in response to environmental cues like 
nutrient availability and continues for as long as nutrients are available. The 
biofilms are comprised of bacteria which are enclosed in a polysaccharide matrix 
(glycocalyx) and adherent to a living or inert surface. The glycocalyx is a complex 
of exopolysachharides of bacterial origin and trapped exogenous substances 
including minerals and nutrients, water.  
                  A mature biofilm (as seen in P. aeruginosa) consists of mushroom 
shaped micro-colonies of bacteria encased in matrix which are separated by fluid 
filled channels. Various factors affect the process of biofilm formation including the 
type of species, the nature of the environment, the gene products and the surface 
composition of the bacterium. 
The stages of biofilm formation are as follows: 
Primary adhesion: Where the bacterium makes initial contacts with the  inert or 
living substratum through non specific hydrophobic interactions or  ligand-receptor 
receptor interactions.  In P. aeruginosa and V. cholerae, flagella and type 4 pili are 
thought to play a role in the initial attachment as well as proteases. Flagella are used 
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to swim along surface till a site is found for initial contact. Type IV pili mediated 
movement by bacteria enables contact with other bacteria. LPS synthesis, down 
regulation of flagella and induction of lactones form important late stages of biofilm 
development. The degree of hydrophobicity of the surface can affect the primary 
anchoring. 
Locking (Secondary Bacterial Adhesion): This is the anchoring phase and specific 
molecular interactions occur between bacterium and surface. Organic polysaccharides 
are secreted by the bacterium which complex with surface materials and receptor 
specific ligands located in pili/ fimbriae. This is an irreversible attachment and cannot 
be disrupted unless physical or chemical forces are used.  This is a highly intra-
specific and inter-specific process. 
Biofilm Maturation: The biofilm matures (grows) by replication of the individual 
organisms and deposition of various components by the bacteria and their interactions 
with the organic and inorganic molecules in the immediate environment. Nutrients, 
intake and excretion of substances both within biofilm and within the environment, 
pH, oxygen levels, presence of carbon source, osmolarity etc affect the maturation of 
the biofilm. Finally, a dynamic equilibrium is established between the biofilm and the 
environment with the cells in the outermost layer of the biofilm sloughing off and 
escaping to colonise new areas. Thus, a happily surviving biofilm resembles a 
primitive multicellular organization. 
              As conditions become unfavourable, the cells tend to dissociate and migrate 
towards new locations. Biofilm formation also helps in concentration of the organisms 
to very high cell densities, rarely seen in the free living state. Subsequent release of 
this highly concentrated population, either by sloughing or detachment by enzymatic 
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FIG 1.3.  Bacterial intra- and intercellular signalling molecules and chemical 
structure of c-di-GMP. (The chemical structure is reprinted from the Journal of 
Biological Chemistry  281: 12, 24 March 2006 pgs 8090-8099.Genome-wide 
Transcriptional Profile of Escherichia coli in Response to High Levels of the Sec-
 ond Messenger3 ,5 -Cyclic Diguanylic Acid. Mendez-Ortiz et al.) 
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Bacterial signaling 





PQS in P.aeruginosa 
cAMP 
ppGpp 
action may promote infection/colonization on a tremendous scale as compared to cells 
in planktonic state. Further, the presence of such high cell densities may aid in 
horizontal gene transfer leading to rapid spread of antibiotic resistance, amongst other 
things. It has already been shown that the extracellular matrix of biofilms, may 
contain large amounts of DNA, which may lead to gene transfer on a large scale 
through competence/transformation/conjugation. Biofilm existence also enhances its 
survival skills. In bacteria, biofilms have been extensively studied in P. aeruginosa.  
Others: E. coli, V. cholerae, S. aureus, S. epidermidis,  P. fluorescens.,  B .subtilis 
( Parsek and Singh, 2003). 
 
C. TO STICK  or NOT TO STICK? 
What conditions trigger a change in lifestyle? What are the changes accompanying 
this transition? What factors regulate this shift between these two lifestyles? One of 
the key factors critical to a transition between sessility and motility is discussed in the 
next section. It is seen that the shift from a planktonic to a biofilm state correlates with 
a reduction in levels of flagellar subunits. Overexpression of flagellins in E. coli 
results in reduced adhesion. (Choy et al 2004). Bacteria in fully developed biofilms 
may even lack flagella. Thus, there seems to be an inverse relationship between 
flagellar synthesis and biofilm formation. 
 
D. CYCLIC-DI-GMP SIGNALING  IN BACTERIA:  
Small molecules play an important role in extracellular as well as intracellular 
signaling in bacteria (Figure 1.3).They help bacteria to quickly mount a response to 
changes in environment as well as changes in the physiological conditions and adapt. 
There is evidence for a well coordinated response system involving different small 
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FIG 1.4. Domain structure of GGDEF  and EAL family  (Reprinted with permis-
sion from Romling and Amikam, C-di-GMP as a second messenger. Current 
Opinion in Microbiology 2006 9: 1-11) 
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molecule mediated signaling pathways inclusive of the quorum sensing pathway and 
c-di-GMP mediated signaling pathways. Quorum sensing pathway is involved in 
many processes including bioluminescence, biofilm formation, virulence factor 
expression, sporulation, antibiotic production and competence, which requires the 
participation of many cells ( Camilli and Bassler 2006; Zhang, 2003).  
       cAMP and ppGpp are common messengers in bacteria. cAMP exerts its influence 
through CRP, which is a catabolite regulator protein, to regulate operons involved in 
carbon metabolism (Harman, 2001). ppGpp suppresses the rRNA and tRNA synthesis 
while activating amino acid synthesis.  
       The recent spate of research shows that c-di-GMP, a novel second messenger, 
discovered by Benziman and coworkers, is involved in mediating diverse events as 
motility and sessility, virulence gene expression, exopolysaccharide synthesis, biofilm 
formation and detachment etc (Cotter and Stibitz, 2007; Camilli and Bassler,2006). 
 
Discovery of c-di-GMP: 
c-di-GMP was first discovered as a positive allosteric activator of cellulose synthase 
enzyme (BcsB) of Gluconacetobacter xylinus by Benziman’s group (Ross et al 
1985,1986). It was positively identified by Ross et al(1990) as a cyclic nucleotide 
composed of GMP residues. Ross and colleagues also inferred the existence of 
enzymes responsible for its synthesis, leading to the activation of the synthase and its 
subsequent degradation, leading to reversal of synthase activity. These enzymes were 
named as Diguanylate Cyclases and Phosphodiesterases. They  also showed that GTP 
is the specific substrate of DGC. Cellulose synthase was also shown to be 
allosterically inhibited by c-di-GMP at a binding site other than that for UDP-Glucose 
(Ross et al 1991).  Tal et al (1998) were the first to clone the genes involved in 
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regulation of c-di-GMP metabolism. Three operons were characterised, each 
consisting of a dgc and pde, which were named as dgc1-3 and pde 1-3. They studied 
the activities of DGC and PDE from the cellular extracts of mutants and confirmed the 
association of these genes with products possessing the above activities respectively. 
Chang et al (2001) showed that PDEA-1 in  A. xylinus, possesses oxygen dependent 
phosphodiesterase activity and acts as a heme-based sensor.  
 
GGDEF  and EAL domains: Role in c-di-GMP turnover. 
The DGCs and PDEs regulating the turnover of c-di-GMP are characterized by the 
presence of conserved domains called GGDEF and EAL, present singly or together . 
There has been a great deal of interest in the presence of these domains and their role 
in bacteria (Figure 1.4).These domains are widely conserved in most of the sequenced 
genomes from diverse branches of bacterial tree except for Archaea and Eukarya 
(Ryjenkov et.al. 2005; Galperin, 2004); are of ancient evolutionary origin and in many 
genomes there are multiple copies of genes encoding proteins containing these 
domains e.g. (E. coli contains 19 proteins with GGDEF and 17 with EAL domains; V. 
cholerae encodes 66 proteins with GGDEF and 33 with EAL domain) (Simm et al 
2004). Public databases contain greater than 2200 proteins with either one or the other 
domain (Romling et al 2005). Furthermore, many of these proteins are associated with 
domains involved in signal reception including PAS, GAF, REC  implying the role of 
these proteins in mediating signaling events in response to external  and internal 
signals  e.g oxygen, light,  ligands etc. (Figure 1.4) (Ryjenkov et al.2005).  
Pei and Grishin (2001) predicted that the GGDEF domain encodes a nucleotide 
cyclase. Increasing amounts of biochemical and genetic research data indicates that 
the GGDEF / EAL domains are indubitably involved in the turnover of c-di-GMP i.e. 
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FIG 1.5a.  Structure of PleD ( Reprinted from Chan, C., Paul, R.  , Samoray,  D. 
, Amiot, N. C. , Giese, B. , Jenal, U.  and Schirmer, T. 2004. Structural basis of 
activity and allosteric control of diguanylate cyclase. Proc. Natl. Acad. Sci USA., 
101, 17084-17089) 
      1e 
FIG 1.5b.  Mechanistic model of PleD action ( Reprinted from Christen, B., 
Christen, M. , Paul, R. , Schmid, F. ,Folcher, M. , Jenoe, P. , Meuwly, M. and 
Jenal, U. 2006. Allosteric Control of Cyclic di-GMP Signaling. J. Biol. Chem. 
281, 32015–32024) 
      1f 
mediating the synthesis and degradation of cyclic di-GMP.  Initial evidence for this 
was provided by Benziman’s group (Tal et. al. 1998) who established the connection 
between the GGDEF / EAL enzymatic activities with cyclic-di-GMP turnover. They 
cloned six proteins with GGDEF/EAL domains and N-terminal PAS/GAF domains 
and showed that three possesses DGC activity, three showed PDEA activity (cyclic di-
GMP to linear diguanylate pGpG). The original DGCs and PDEs discovered from G. 
xylinus where found to possess both GGDEF and EAL domains.  
Mechanism  of Action of DGCs: 
Direct evidence for the DGC activity was shown by Jenal and colleagues who 
demonstrated the DGC activity of purified Caulobacter crescentus PleD response 
regulator protein. Hecht and Newton (1995) had earlier reported the identification of 
PleD, a response regulator of swarmer to stalked cell transition., having 2 N-terminal 
domains d1 and d2 and a C terminal novel GGDEF domain (Paul et al 2004, Chan et 
al  2004). PleD is activated during C. crescentus development by phosphorylation of 
an N-terminal receiver domain and, as a result, sequesters to the differentiating cell 
pole. PleD possesses a GTP directed activity and no PDE activity. The activity was 
found to require phosphorylation and  dimerization of PleD.  The crystal structure of 
PleD in complex with c-di-GMP was solved recently (Chan et al 2004) (Figure 1.5a) 
and is the first and so far the only crystal structure reported for DGCs. On basis of 
this, Chan and colleagues proposed a mechanism  of action for DGCs. A c-di-GMP 
binding site was identified in the crystal structure. Two mutually intercalating c-di-
GMP molecules were found tightly bound to this site, at the interface between the 
GGDEF and the central receiver-like domain of PleD (Figure 1.5a). Based on the 
observation that PleD activity shows a strong non-competitive product inhibition, it 
was proposed that this site might constitute an allosteric binding site (I-site). A later 
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study by  Christen et al(2006) demonstrated that an allosteric binding site for c-di-
GMP (I-site) is responsible for non-competitive product inhibition of DGCs. The I-site 
was mapped in both multi- and single domain DGC proteins and is fully contained 
within the GGDEF domain itself. In vivo selection experiments and kinetic analysis of 
the evolved I-site mutants led to the definition of an RXXD motif as the core c-di-
GMP binding site. Based on these results and based on the observation that the I-site 
is conserved in a majority of known and potential DGC proteins, it was proposed that 
product inhibition of DGCs is of fundamental importance for c-di-GMP signaling and 
cellular homeostasis. (Figure 1.5b). Other GGDEF proteins whose DGC activity has 
been studied includes RSP3513 from R. sphaeroides,  YeaP (Ryjenkov et al 2005) and 
yDDV from E. coli (Ortiz et al 2006) . 
 
Mechanism of action of PDE: 
Benziman’s group provided direct evidence that EAL domains are associated with c-
di-GMP specific phosphodiesterase activity and that there are two types of 
phosphodiesterase activity: PDE-A and PDE-B (Chang et al.2001). Similarly, c-di-
GMP specific phosphodiesterase activity has been associated with VieA and YhjH. 
DOSEc ,a heme regulated phosphodiesterase is one of the most well studied 
phosphodiesterases containing an EAL domain (Delgado-Nixon et al. 2000) It 
possesses an N-terminal PAS domain and a C-terminal phosphodiesterase domain. Its 
PDE activity hydrolyzes adenosine 3’,5’-cyclic monophosphate when heme iron is in 
the ferrous state as compared to ferric state. Redox studies on the enzyme has shown 
that the changes in redox state of the heme bound iron are transduced to the catalytic 
domain resulting in changes in the activity. Crystallographic analysis also confirm this 
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by indicating the occurrence of massive structural changes in PAS domain on 
reduction of the heme.  While these results were derived from experiments carried out 
with the expressed DOS protein, later work has shown that DOSEC  and its gene are 
expressed  in aerobic conditions and that it plays a role in controlling the level of 
cAMP in cells. But, it is also shown that the activity of this enzyme is low as 
compared to AxPDEA1 which  indicate that there may be other factors required to 
activate this enzyme for e.g. it may be other proteins/modifications. It can also be that 
there may be alternate substrates (Yoshimura-Suzuki et al 2005, Delgado-Nixon et al. 
2000 and Kurokawa et al.2004). 
c-di-GMP pathway: Questions, Complexities and Intricacies: 
Many interesting questions arise with respect to role of GGDEF/EAL in c-di-GMP 
processes.  It is not known whether DGC and PDE activities can both be present in  a 
GGDEF-EAL protein.   As of now, there is no evidence towards that direction. For 
e.g. in the original  DGCA1 to DGCA3 from G. xylinus, the EAL domain was shown 
to be inactive whilst in DOS, which acts as an oxygen sensor and shows cAMP 
dependent PDEA activity, the GGDEF domain is inactive. It is not known whether 
these domains are highly stringent in their substrate specificity. What determines 
whether a GGDEF/EAL  protein behaves as a DGC or PDE? Can this behaviour 
change according to situations for example in terms of modifications of the protein? 
Also, what is the importance of so many such domains being present in an organism? 
Because there are so many GGDEF/EAL genes present and in such different 
combinations and involved in many functions, it is likely that the c-di-GMP signaling 
system is extremely complex and is geared up to respond rapidly in different 
situations.  
Some models have been proposed for this. One model is that c-di-GMP rapidly 
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FIG 1.6a  and b. c-di-GMP plays a role in regulation  of sessility and motility
( Reprinted with permission from Romling and Amikam, C-di-GMP as a sec-
ond messenger. Current Opinion in Microbiology 2006 9: 1-11) 
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FIG 1.7  c-di-GMP  regulates biofilm formation and virulence in an inverse fash-
ion in V. cholerae ( Reprinted with permission from Romling and Amikam, C-di-
GMP as a second messenger. Current Opinion in Microbiology 2006 9: 1-11) 
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diffuses through the cytoplasm to act as a common allosteric regulator of proteins 
controlling various processes. Another is that, c-di-GMP is spatially restricted to 
pockets in close proximity to the cytoplasmic membrane and fluxes in its levels 
modulate the behaviour of nearby proteins. So, different phenomena can be regulated 
at the same time in different ways by c-di-GMP. It has been shown that 90 % of the 
total cellular  c-di-GMP is localized in the membrane fraction (Bassler and Camilli, 
2006; Tal et al 1998). A third factor is that many of the DGCs and PDEs are tightly 
regulated by  modifications such as phosphorylation, which would exert an additional 
level of control. 
c-di-GMP : Key player in bacterial signaling pathways: 
It is evident that the c-di-GMP, along with quorum sensing, plays a key role in the 
regulation of several key phenomena. In a recent paper, Lim et al (2007) have shown 
evidence for a close interaction between these two pathways.  The quorum-sensing 
transcriptional regulator hapR has been previously shown to regulate the expression of 
several DGCs and several DGC and PDEA genes have been predicted to have hapR 
binding sites in their promoter regions (Lim et al 2007). Now, Lim and colleagues 
have shown that CdgC, a regulator of rugose colony development, biofilm formation, 
and motility in both the rugose and smooth genetic variants of V. cholerae positively 
regulates hapR expression, as the amount of hapR transcript was decreased in the 
R_cdgC mutants compared to rugose wild type.  
c-di-GMP plays a key role in mediating the transition between sessility and motility 
(Simm et al 2004)(Figure 1.6a and 1.6b). 
c-di-GMP also plays a key role in regulation of the pathogenicity of an organism by 
regulation of virulence factors and genes controlling virulence. Extensive studies in V. 
cholerae, shows that it regulates virulence gene expression and plays a role in the 
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transition of V. cholerae from environment to host. (Tischler and Camilli, 2005; 
Romling and Amikam, 2006) (Figure 1.7). VieA, a c-di-GMP phosphodiesterase, 
positively regulates virulence gene expression and CT production and negatively 
regulates vps expression. which is required for biofilm formation. Mutations in 
VieA EAL domain results in increase in the cyclic diGMP concentration in the cell 
and activation of vps transcription (Tischler and Camilli,2006). 
Downstream targets of c di GMP action: 
In light of these results, other interesting questions arise as to what are the possible 
downstream targets of c-di-GMP and effector molecules, which help in mediating its 
action.  
Amikam and Benziman first  reported the interaction of c-di-GMP  with another 
target in 1989. c-di-GMP was found to bind to a 200 kDa membrane protein 
complex. It was later found that c-di-GMP  bound to the beta subunit of cellulose 
synthase BcsB (Weinhouse et al 1997). Amikam and Galperin (2006) in silico (from 
a computational analysis of bacterial cellulose synthase sequences) identified a 
putative c-di-GMP binding protein domain and called it PilZ (Pfam PF07238). This 
domain was found in many proteins e,g. YcgR , alpha subunit of BcsB, GSU3263 
(Geobacter sulfurreducens. No pilZ domain was found in eukaryotic cellulosic 
synthases from slimemolds and marine urochordates.  
 pilZ mutants display normal pilin production but failure in the assembly of 
functional pili. This phenotype is similar to that of FimX. Mutational analysis of 
PilZ domain containing proteins display phenotypes associated with c-di-GMP 
signaling pathway. Ryjenkov et al (2006) reported that out of  five pilZ coding 
sequences from V. cholerae viz  plzA, plzB, plzC, plzD and plZE,  plZC and plZD 
      15 
 
FIG 1.8.  Comparison of the PAS folds of wild type photoactive yellow protein 
(PYP), its mutant (∆25 PYP), FixL, HERG, LOV and turkey lyzozyme proteins. 
These proteins are all involved in signal transduction processes. The red colour 
indicates the residues that align structurally. (Reprinted from Vreede, J., van der 
Horst, M. A. , Hellingwerf, K. J. , Crielaard, W.  and van Aalten, D. M. F. 
,2003. PAS Domains: Common Structure and Flexibility. J. Biol. Chem. 278, 
18434–18439) 
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bound c-di-GMP tightly. In-frame deletion analyses of each of these genes showed 
that PlzB and PlzC were positive regulators of biofilm formation when c-di-GMP 
levels increased and PlzD was a negative regulator of motility in a c-di-GMP 
independent manner. Simultaneously, the same group in another paper, tested the c-di-
GMP binding ability of E.coli YcgR, its individual PilZ domain and the pilZ domain 
from G. xylinum BcsA. Purified YcgR was observed to bind c-di-GMP tightly and 
specifically with a  Kd of 0.84_M. Individual PilZ domains from YcgR  and BcsA 
bound c-di-GMP  with lesser affinity, vindicating that the domain is sufficient for 
binding. Motility and other assays indicated that it required c-di-GMP for  regulating 
flagellum based motility, thus indicating that it is a true receptor for c-di-GMP. A 
possible way by which PilZ may act is following binding to c-di-GMP may be to 
induce oligomerization/interaction with additional protein domains which in turn may 
relay effects. Many PilZ domains are seen present in duplication or in association with 
other domains. 
PAS domains: 
Pas domains were first identified in eukaryotes and named after Drosophila clock 
protein PER, ARNT from C. elegans and SIM protein. This protein domain family is 
ubiquitously distributed across Archaea, Bacteria and Eucarya unlike the GGDEF/
EAL domains. (Zhulin et al; Ponting and Aravind). These are sensory modules and 
involved in the sensing of external stimuli like oxygen, redox or light (Hefti et al 
2004) and are alternately called LOV domains. These domains are generally 
cytoplasmic and are a part of proteins involved in signal transduction e.g. kinases, 
photoreception in plants (NPH1 of A. thaliana), taxis, tropisms, circadian clock 
proteins, ion channels (HERG) and as part of DGCs and PDE in c-di-GMP signaling, 
and mechanisms for e.g. kinases,  phosphodiesterases. They are also known to bind 
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FIG 1.9. SMART predicted domain structure of MorA (http://www.smart.embl-
heidelberg.de) in comparison with homologues from other Pseudomonas sp. 
MorA has a transmembrane domain, three Pas-Pac domains (purple colour) and 
two domains, DUF1 and DUF2. DUF1 is the GGDEF domain while DUF2 is the 
EAL domain. Adapted from  PhD Thesis (Choy, W.K., 2004) 


















ligands and cofactors (Hefti et al,2004). Examples of some extensively studied PAS 
proteins whose 3D structures have been determined include the blue light 
photoreceptor Photoactive Yellow Protein (Ectorhodospira halophila), heme based 
oxygen sensor FixL (histidine kinase from B. japonicum ).  PYP is the prototype for 
the PAS family and was the first structure determined. Though the PAS domain 
family comprises functionally diverse proteins, the striking general resemblance of 
the known structures indicates the existence of a common structural fold, which has 
been renamed as the PAS fold  (Vreede et al 2003).  This fold was earlier split into 
two parts and denominated as the PAS domain and the PAC motif (Ponting and 
Aravind) (Figure 1.8). 
 
E. PRESENT WORK: MOR A: A NOVEL GLOBAL REGULATOR OF 
FLAGELLAR DEVELOPMENT AND BIOFILM  FORMATION 
Our lab has been working on uncovering various negative regulation of flagellar 
pathway in Pseudomonas. Choy and colleagues in 2004 had identified a negative 
regulator of the timing of flagellar formation in P. putida,, MorA (Motility 
Regulator), through a screen of wild type transposon mutants. These mutants were 
screened for enhanced swimming ability, on the hypothesis that mutations in such 
negative regulators of motility, would derepress normally existing controls on the 
flagellar pathway, leading to an enhancement in motility.  morAPp mutants showed 
three times increased swimming mobility and increased chemotactic response. 
Complementation of the mutant with the wildtype morAPp restored partially the 
original motility phenotype. MorAPp decreased motility by 50 percent in the mutant 
and upto 40 percent in the WT. This reflected the tight control of MorA dosage in 
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cells. 
 
MorA regulates the timing  and number of flagella formation in Pseudomonas putida  
cells. It was confirmed through video microscopy of growing cultures of WT and 
mutant cells and TEM that  morAPp  mutants show high degree of motility at all 
stages of growth  ac compared to wild type cells. This is due to early initiation of 
flagellation in the mutant cells as compared to the wild type along with 
hyperflagellation. No effects on the cell size/length i.e. no effects on cell division 
were observed. This is in contrast with other master regulators of flagellar synthesis 
which operates through different pathways. 
 
MorA also affects biofilm formation in P. putida and P. aeruginosa. Constitutive 
production of flagella results in reduction in size of biofilms as compared to wild type 
and adhesion was also reduced. Complementation with the wild type morA also 
restored the original biofilm phenotype. In P. aeruginosa,  morAPa mutation does not 
affect swimming mobility or flagellum number or length in mutant but affects biofilm 
formation. morA affects fliC expression. Sequencing of MorA shows that it is 3849 bp 
long and encodes a 1282 amino acid polypeptide with a mass of 145 kDa. SMART 
prediction shows that MorA is membrane localized with a transmembrane domain, 
three PAS-PAC domains, and a GGDEF and EAL domains (Figure 1.9). Membrane 
localization of MorA was verified experimentally also (Choy et al. 2004) 
                   The work detailed in this thesis comprises two parts. The biochemical part 
involves mutagenesis, expression and purification studies done on MorA.  The other 
work outlined here arose as an outcome of an ongoing investigation using genetic and 
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molecular approaches in uncovering components of MorA signaling pathway.  
Previous workers had used transposon mutagenesis to generate mutations at secondary 
sites in the previously described hypermotile morAPp mutants. These double mutants 
were subsequently screened to identify revertant mutants (double mutants which 
showed partial reversion of original mutant phenotype to the wild type phenotype: 
characterization of such mutants may then lead to isolation of genes involved 
downstream of morA) (Ng , 2006). Some of the genes were identified by single primer 
PCR and sequencing and as is presented in this work one of the genes has been 
isolated and completely sequenced and its implications in the morA signaling pathway 
are discussed. 
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CHAPTER 2.   MATERIALS AND METHODS 
 
A. MUTAGENESIS STUDIES OF MorA: 
 
2.1 Bacterial strains and cultivation: 
E.coli DH5ά was used for the mutagenesis and cloning experiments and 
transformation for plasmid isolation purposes. E.coli BL-21 was used for the 
recombinant protein expression experiments. The strain (with or without plasmids) 
was grown in LB Broth for broth cultures (with shaking at 250 rpm) and on LB 
Agar plates for isolation of single colonies at 37º C. Ampicillin at 100 µg/ml was 
supplied in the medium when E.coli DH5ά/BL-21 transformed with pGEX-6P-1/
pGEX-6p-morA-GE was used. Competent cells were prepared by heat shock 
method  
 
2.2 Preparation of competent cells for transformation: 
100 µl of overnight grown culture was seeded in  10ml LB. The culture was 
incubated in the orbital shaker at 37ºC for one to two hours. When OD600 reached 
0.6 to 1.0, the cells were  cooled on ice. The cells were centrifuged at 5000rpm for 5 
minutes at 4°C and  the supernatant was discarded.  The cells were re-suspended in  
sterile ice cold 0.1 M CaCl2 and left on ice for 40 minutes. The cells were 
centrifuged again at 5000rpm for 5 minutes at 4°C.  The cells were re-suspended in  
sterile 1 ml 0.1 CaCl2 and 80% glycerol. This procedure was scaled up wherever 
required. 
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FIG 2.1. Overview of Site Directed Mutagenesis procedure (Adapted from Quik-
Change® II XL Site-Directed Mutagenesis Kit Technical Manual, Stratagene) 
 
      2a 
REAGENTS CONTROL TEST(N*) TEST(D*) 
10x Reaction Buffer 5µl 5µl 5µl 
plasmid 2µl(10 ng) 
(pWhitescript) 
1.5µl 1.5µl 
primer1 1.25µl(125ng) 1.57µl 1.30µl 
primer2 1.25µl(125ng) 1.58µl 1.30µl 
dNTP mix 1µl 1µl 1µl 
Quik solution 3µl 3µl 3µl 
Double Distilled 
water 
36.5µl 36.35µl 36.896µl 
Pfu Ultra DNA po-
lymerase 
1µl(2.5U) 1µl 1µl 
TABLE 2. 1   Mutagenesis reactions for site-directed mutagenesis 
SEQUENCE Tm Concentration/
working dilution 



















     morA-GE-F1 
  For sequencing “ 
  “ “ 
  “ “ 















CAACGACTCCCT   
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2.3 Site directed Mutagenesis of MorA-GE and MorA-Full Length 
domain 
MorA full length and MorA-GE domains, subcloned by previous workers in pGEX- 
6P-1, was used as the template for the mutagenesis experiments. (Lye, 2006). Site 
directed mutagenesis experiments was carried out using QuikChange ® II XL site 
directed mutagenesis kit. The overview of the procedure is shown in Figure 2.1. 
This allows for creating site specific mutations in any double stranded plasmid, 
without a need for subcloning, single stranded DNA  rescue, specialized vectors, 
unique restriction sites, multiple transformations or in vitro methylation or treatment 
steps. The QuikChange® II XL site-directed mutagenesis method was performed 
using PfuUltra™ high-fidelity (HF) DNA polymerase to ensure mutagenic primer 
directed replication of both plasmid strands with the highest fidelity. The Quik 
solution provided with the kit ensures amplification efficiencies. It uses highly pure 
plasmid DNA. For the given purposes, Wizard prep extracted plasmid DNA was 
used as the template. PAGE purified primers were used for the mutagenesis PCR 
were complementary to each other with the desired mutation being present in the 
middle of the sequence. The amino acids to be mutated were selected on the basis of 
the PleD structure (Chan et al. 2004) (Figure 1.5a).  
 The sequences of the primers are given in Table 2.2. The procedure was as 
follows. Control and test reactions  was set up as shown in Table 2.1. The reactions 
were set up in sterile PCR tubes and given a short spin. Cycling was carried out in 
an Eppendorf Thermocycler according to the following parameters (for the control 
reaction, an extra five minutes extension time was given and the cycling was carried 
out for 12 cycles). 
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 Following thermal cycling, the reactions were cooled to 37ºC by placing in ice. An 
aliquot of the reactions was checked for amplification on 1% agarose gel 
electrophoresis. After which, 1µl of DpnI enzyme was added to each of the tubes in 
order to digest the parental non-mutated supercoiled DNA. The tubes were given a 
short spin and then placed for incubation in a water bath at 37 °C for one to two 
hours , after which they were placed on ice. 
 
2.4 Transformation of the mutated plasmids: 
The competent cells (E. coli DH5ά) were thawed on ice and aliquoted around 45µl 
of cells to a pre-chilled Eppendorf tube.  2µl of β-mercaptoethanol was added to 
each of the tubes to improve the transformation efficiency. The tubes were swirled 
gently and the cells  were incubated on ice for 10 to 30 minutes with gentle swirling 
every 2 minutes.  Two µl of DpnI treated control and test reactions were transferred 
to each of the individual tubes. The tubes were incubated  for thirty minutes.  The 
LB broth was preheated  in a 42ºC water bath. The transformation tubes were heat 
shocked  at 42º C for thirty seconds and transferred to ice for two minutes. 400µl of 
pre-warmed LB broth was added  to the tubes and the tubes were incubated at 37ºC 
for one hour with shaking at 225 rpm.  Appropriate aliquots of the transformed cells 
were plated  on LB agar supplemented with appropriate antibiotics for the test 
Segment Cycle Temperature Time 
1 1 95 1 min 
2 18 95 50s 
  59.9/57 50s 
  68 6 mins 
3 1 68 7 mins 
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reactions, LB amp plates and for the controls (LB-Amp-Xgal- IPTG). The plates were 
incubated at 37ºC for greater than 16 hours for colonies to form. 
 
2.5  Analysis of mutant colonies: 
Colonies obtained were selected and screened for the presence of the mutant plasmid 
by the processes of plasmid isolation , restriction digestion (BamHI and NotI) and 
sequencing of the plasmid with appropriate primers  given in Table 2.2  to confirm the 
presence of the desired mutations. Sequencing was carried out in an ABI-Prism 
3100A machine. Further experiments were carried out subsequently with one of the 
clones, morA-GE-N*. 
 
2.6 Expression and Purification of the MorA site directed mutant GE-N*: 
The MorA mutant GE-N* was selected for expression and purification studies. Since 
the mutated domain is cloned in the GST expression vector pGEX-6P-1, expression 
and purification was carried out using the GST expression system. The GST 
expression system is based on the inducible, high level expression of genes/fragments 
of genes as fusions of GST (Glutathione-S-Transferase). GST fusion proteins are 
purified from bacterial lysates by affinity chromatography using immobilized 
glutathione. A protocol devised by a previous worker for the expression and 
purification of the wild type domain (GE) was used as the starting point for 
optimization. (Lye, 2006). Before starting, various buffers were prepared. These 
included Lysis Buffer, Wash Buffer1, Wash Buffer2, Cleavage Buffer and Elution 
Buffer.  
The mutant clone morA GE-N* was transformed into E.coli DH5ά  and  E.coli BL-21 
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FIG 2.2. BSA Standard Curve for Bradford Assay 
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strains and the transformants were plated on LB agar-Amp plates for overnight 
growth. Overnight grown colonies were used to inoculate LB Amp (100 µg/ml) 
broth cultures.  The overnight grown cultures were then sub-cultured to an 
O.D.600nm of between 0.4 to 0.5 after which induction was carried out overnight 
with O.1mM IPTG (Isopropylthiogalactoside) at 28ºC with shaking. Bacterial cells 
were harvested and stored at -70ºC temporarily. Subsequently, bacterial cells were 
lysed in Lysis Buffer (50mM Tris-HCl, pH 8.0, 400 mM NaCl, 5% Glycerol, 20 
mM DTT) and 1 tablet cocktail protease inhibitor without EDTA added just before 
lysis) by sonication. Initially, sonication was carried out twice of 45 second duration 
with a pulse of 7 amp with a 30 second break in between. Later on, the sonication 
was increased. In between the sonication, Triton–X 100 was added to the lysate at a 
final concentration of 1% v/v.  Then, the lysate was centrifuged at 6000g for 40 
minutes at 4ºC.  The supernatant was removed to a fresh Falcon 50 ml tube and kept 
at 4º C. At each stage of the procedure, aliquots of the cells (pre-induction and post-
induction) and post-lysis lysate, were kept aside for SDS-PAGE analysis.  
 
2.7 Resolubilisation of MorA-GE-N*: 
Resolubilisation of the post-sonication pellet  was carried out to solubilise the fusion 
protein. The pellet was resuspended in 5ml Lysis Buffer (with additional 6M 
urea,100 mM DTT and without triton-X) vigorously by thorough pipetting and 
gently sonicated.  The lysate  was centrifuged at 13,000rpm for two hours.  One ml 
of the lysate was  used for resolubilization by rapid dilution and one ml for 
resolubilisation by dialysis. 
i) Resolubilization by Dialysis  
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One litre of Lysis Buffer was prepared without Urea (1% v/v triton-X and DTT) and 
kept at 4°C. The dialysis bag was prepared from Amersham snake skin dialysis 
membrane. 1 ml of lysate was carefully injected inside it. The bag was suspended 
inside the buffer and kept overnight at 4ºC with vigorous stirring with frequent 
changes of buffer.  Once sufficiently dialyzed, the whole amount of lysate  was 
transferred from the bag into an Amicon Ultrafiltration (Ultra-15) tubes for 
concentration and centrifuged at 4000rpm for two hours and concentrated to 1 ml.  
O.D. of the solution  was measured by Beckman spectrophotometer, and the protein 
amount was estimated by Bradford Assay using a BSA standard curve (Figure 2.2).   
The quality was checked by denaturing 12.5% SDS-PAGE gel. 
 
ii) Resolubilization by Rapid Dilution: One ml lysate was rapidly diluted into 30 
ml of ice cold Lysis Buffer (without urea and with triton X  and DTT), drop by drop 
using a Hamilton syringe, and kept overnight at 4°C with vigorous stirring. Then, 
the entire solution was transferred into an Amicon Ultrafiltration (Ultra-15) tube and 
concentrated to 1ml by centrifuging at 4000rpm.  O.D. of the solution was measured 
by Beckman spectrophotometer, the protein amount was estimated by Bradford 
Assay using a BSA standard curve and the quality was checked by denaturing 12. 5 
% SDS-PAGE gel. 
 
2.8 Affinity Purification and On-column Cleavage of MorA-GE  
The resolubilised protein was  passed through DEAE Sepharose Fast Flow Column 
that was pre-equilibrated  two times with Wash Buffer I(50 mM Tris-HCl pH8.0, 1 
M NaCl, 5% Glycerol, 1 % Triton-X 100).The beads were incubated  for 30 minutes 





FIG 2.3. Schematic representation of the Pfl_5493 (Adenylate cyclase) locus and 
flanking genes in P.fluorescens PfO-1. The primers are depicted as arrows.  The 
primer design and cloning strategy to clone the Adenylate cyclase homolog from 
P. putida PNL-MK25 is also shown. 
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with gentle shaking at 4°C.  The supernatant  was collected and passed through GST 
Sepharose Fast Flow Column, pre-equilibrated twice with Wash Buffer I. The beads 
were incubated for one hour with gentle shaking. The flowthrough was  collected 
and the column was washed with one column of Wash buffer  I for 30 minutes with 
gentle shaking and then with one column of Wash buffer II (50 mM Tris-HCl pH 
8.0, 800 mM NaCl, 5% Glycerol) for 30 minutes.  On-column cleavage of the GST 
tagged proteins with Prescission Protease (GE-Amersham) was carried out at a ratio 
of 1:24 in Cleavage Buffer  (50 mM Tris-HCl, 800 mM NaCl, 1 mM EDTA,1 mM 
DTT, pH 7.0). The reaction was incubated for five hours at 4ºC with gentle shaking.  
Protease Cocktail Inhibitor was added to the eluted proteins (10 µl for 1 ml eluted 
solution). Checked on denaturing SDS-PAGE gel. 
 
 
B. CLONING AND SEQUENCING OF ADENYLATE CYCLASE FROM Pseudomonas 
putida PNL-MK25  
 
2.1  Bacterial strains and cultivation. 
P. putida PNL-MK25 strain was grown on LB media (broth or agar plates) 
supplemented with chloramphenicol (15 µg/ml) at 28ºC. E. coli DH5ά  was used as 
the host strain for the cloning and transformation processes. The strain (with or 
without plasmids) was grown in LB Broth for broth cultures (with shaking at 250 
rpm) and on LB Agar plates for isolation of single colonies at 37ºC.  Appropriate 
antibiotics were added as required (Ampicillin or Kanamycin 50µg/ml or 100 µg/
ml). Bacterial growth was measured spectrophotometrically by determining the 
optical density at 600 nm. (OD600) nm.  
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5' CCCTTACCCGTCTGGACGTGCAACG3 '  52.
7 
 cloning 
M13F 5´-GTAAAACGACGGCCAG-3´   Verification of orienta-
tion of insert 
M13R 5´-CAGGAAACAGCTATGAC-3´        “ 
T7 5´-TAATACGACTCACTATAGGG-3´        “ 
T3 5´-ATTAACCCTCACTAAAGGGA-3´        “ 




0.5 to 4.0 µl 
Salt solution 1µl 
Sterile Water 1.5µl 





TABLE  2.3  List of primer sequences used for cloning and verifying the orienta- 
tion of the PpAC and its flanking regions. 
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 2.2 Preparation of competent cells: 
Competent cells were prepared by calcium chloride heat shock method 
as detailed in Section A.2.2. 
 
2.3. DNA sequencing  
Method is described in Appendix 3. 
     
2.4  DNA manipulations and analyses 
2.4.1 Genomic DNA was isolated as described by Syn and Swarup, (2000).  Three 
ml of overnight culture was pelleted at 2,000 xg and washed with 500µL of 1% 
NaCl.  The cell pellet was then re-suspended in 750µL of  TES (10 mM Tris-HCl, 
10 mM EDTA, pH 8.0, 2% SDS) and incubated at 75ºC for 5 min. The cell lysate 
was then vortex-mixed with an equal volume of 3:1 Tris-buffered phenol: 
chloroform and centrifuged at 18,000xg for 5 minutes to separate the phases. 
Chloroform extraction was carried out followed by precipitation of the DNA using 
0.1 volumes of 3M sodium acetate (pH 5.2) and 1 volume of isopropanol before 
washing with 1ml of 70% ethanol. DNA pellet was then dissolved in 50µL of TE 
(10 mM Tris-HCl, 2 mM EDTA, pH 8.0) for storage at -20ºC.  
 
2.4.2 PCR amplification of full length Adenylate cyclase with flanking  regions. 
The strategy for cloning the full length Adenylate cyclase is as shown in Figure 2.3. 
Previous workers had obtained a partial 500 bp fragment of this gene following 
single primer PCR for identification of transposon insertion sites in morAPp double 
mutants. (Ng , 2006).  Using the sequence of this fragment, found out the nearest 
homolog in P. fluorescens using  BLAST. The homolog was denoted as Pfl_5493. 
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The primers, for amplifying the full length Adenylate cyclase along with its native 
promoter were designed, from that using Generunner software. The primer 
sequences are given in Table 2.3. PCR amplification was subsequently carried out 
from P.putida  gDNA using a mixture of Taq and Vent polymerases, dNTPs, 
primers, MgCl2, ,double distilled water and some additives using Eppendorf  
Thermocycler. The cycling parameters were as follows: one cycle at  95ºC for 5 
mins,  30 cycles of  94ºC  ( 15 s), 52.7 °C (50 s) 68º C (5 mins) and final extension 
of 10 minutes at 72°C. 
 
2.4.2 TA cloning of AC:  
The amplified product was subsequently cloned using TA cloning   method (Figure 
2.3) The TA cloning kit provided by Invitrogen provides an efficient 5 minute 
strategy for direct cloning of Taq polymerase amplified PCR products with 3’dA 
over hangs into a linearized plasmid vector with single 3’dthymidine overhangs and 
covalently bound Topoisomerase I which allows for efficient ligation. The plasmid 
vector into which the amplified product was cloned was the pCR-IV vector. The 
vector map is given in the Appendix 2.  The Topo TA cloning reaction was carried 
out as follows.  PCR was repeated on large scale (50µl) and ran the entire reaction 
on 1%  agarose gel alongside 1 kb DNA length markers. The product was gel 
purified using Nucleospin Gel Extraction Kit and resuspended in 20 ul of nuclease 
free water. 
Since the original product was amplified with a mix of Taq and Vent, there is a high 
probability that owing to the proofreading activity of Vent, the 3’ A overhangs are 
cleaved off. So, the purified PCR product was incubated with Taq polymerase at 
72ºC for 30 minutes to ensure that all ends are full length and 3’Adenylated. An 
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aliquot from the reaction  was used for the cloning. 6µl of the reaction was set up 
according to Table 2.4. Protocol followed was that compatible with eventual 
transformation into chemically competent E. coli. The reaction was mixed gently 
and incubated for 5-20 minutes at  room temperature. This was to ensure greater 
number of colonies. Following incubation, the reaction was chilled on ice, prior to 
transformation. Different volumes of the TOPO reaction mix (2µl and 4 µl) was 
transformed into chemically competent E. coli DH5ά prepared as in step 2.2. A 
positive transformation control (vector) and a negative control were set up along 
with the test reactions, to ensure that the transformation procedure went off 
smoothly. Transformations were carried out as follows.  2µl and 4µl of the TOPO 
cloning reactions were aliquoted in separate vials of chemically competent E.coli 
and  incubated on ice for five to thirty minutes. The cells were heat shocked for 
thirty seconds at 42ºC without shaking and immediately transferred to ice. 250 µl of 
room temperature S.O.C. medium was added to the tubes. The tubes were capped 
tightly and incubated  horizontally at 200 rpm at 37ºC for one hour.  10 to 50 µl of 
each transformation  was spread on pre-warmed selective plates and incubated 
overnight at 37°C.  
 
2.4.3 Analysis of Transformants: 
Some of the colonies obtained after overnight growth  were picked and cultured 
overnight in 2 ml of LB medium containing 50 µg/ml Ampicillin. Some of the 
clones were also patched onto fresh LB-Amp plates. The colonies obtained were 
screened for the presence of the recombinant plasmid by plasmid isolations, 
restriction digestion and then sequencing using vector specific primers.  
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TABLE 2.5  List of Primers used for sequencing the insert. 
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Restriction Digestion of the clones: 
To verify the presence of the insert in the recombinant plasmids, the plasmids were 
digested with EcoRI enzymes, one of the enzymes present in the TA cloning site of 
the plasmid, for 3 hours in a 37ºC incubator shaker. Following digestions, aliquots 
of the digests were analysed on 1 % agarose gel alongside 1 kb ladders and uncut 
plasmids to pinpoint the putative clones. 
 
2.4.4 Confirmation of clones: 
The clones, selected for further analysis after Restriction Analysis were, then se-
quenced with M13F, M13R, T7 and T3 primers to check the orientation of the in-
serts. The sequences of the primers used are given in Table 2.3. Plasmids were iso-
lated from the finalized clones by Wizard kit. The sequencing was carried out using 
AB Prism 3100A Sequencing Machine and using Big Dye Version 3. The sequenc-
ing reactions were set up  and cycling was carried out  in Eppendorf Thermocycler. 
Then, the samples were ethanol precipitated into 96 well plates for sequencing. Pro-
cedure is given in Appendix 3. 
 
2.4.5 Sequencing by gene walking strategy : 
Once the orientation of the clones was determined and the correct clone were se-
lected, sequencing of the entire insert was carried out using a gene walking strategy. 
Various primers were designed for this purpose. The list of primers used for se-
quencing the whole insert were as given in Table 2.5. 
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2.4.6 Assembly and Annotation of the sequences 
The sequence data obtained were aligned using CLUSTALW  and MultiAlin and 
the entire sequence was assembled to give final complete sequence, after manually 
editing out any sequencing errors. 
 
2.4.7 Bioinformatics Analysis 
The sequence was analysed through various bioinformatics methods. The most 
probable Open Reading Frames was determined using ORFinder of NCBI (http://
www.ncbi.nlm.nih.gov/gorf/gorf.html) and FramePlot(http://www.nih.go.jp/~jun/
cgi-bin/frameplot.pl). Protein Domain Analyses was carried out using SMART 
(www.smart.embl-heidelberg.de).  Protein functional analyses was carried out using 
InterProscan(http://www.ebi.ac.uk/InterProScan/). Promoter analyses  was done us-
ing  TFSitescan (http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl). SCAN PROSITE 
tool was used to determine any putative modification sites. 
(http://au.expasy.org/prosite/). Topology predictions of the predicted protein was 
carried out  using TMPred(http://www.ch.embnet.org/software/
TMPRED_form.html) and DAS(http://www.sbc.su.se/~miklos/DAS/).ProtParam 
was used to determine the biochemical properties of PpAC. Secondary structure 
analyses was carried out using PROF(http://www.aber.ac.uk/~phiwww/
prof/).Tertiary Structure Predictions were carried out using a variety of software in-
cluding FUGUE (http://www-cryst.bioc.cam.ac.uk/~fugue/:), LOOPP(http://
cbsuapps.tc.cornell.edu/loopp.aspx), geno3D((http://geno3d-pbil.ibcp.fr) and 
SWISS_MODEL(http://swissmodel.expasy.org). PROSITE, Pfam database, PIR
(http://pir.georgetown.edu/cgi-bin/ipcSF?id=PIRSF001444) and IntEnz databases 
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http://www.ebi.ac.uk/intenz/query?cmd=SearchID&id=4868&view=IUBMB) were 
used to determine the enzymatic classification of PpAC.  
Multiple Alignment of PpAC and its homologues from Pseudomonas and other bac-
terial species was carried out using Clustal W and the alignment files were used to 
generate phylogenetic trees. Tree View software was used to view the trees gener-
ated. 
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FIG 3.1a)  Gel photograph showing the successful PCR amplification of 
the mutated plasmids in case of control (pWhitescript™ 4.5-kb control 
plasmid) and test plasmids (GE-N* and GE-D*). Lane 1: 1 kb Generuler 
ladder.  Lane 2: Control plasmid cmplified with control primers 1 and 2 
Lane 3: amplified mutant plasmid morA-GE-N* Lane 4: amplified mutant 
plasmid GE-D*. Conditions described in Materials and Methods 
      1     2        3      4       5 
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FIG 3.1b) Restriction analyses of the clones obtained following 
mutagenesis and transformation of mutant plasmids. Lane 1: 1 kb Gen-
eruler ladder.  Lane 2 to 6: Uncut mutated plasmids of GE-N*. Lane 7: 
pGEX-6P-1  plasmid vector digested with BamHI. Lane 8  to 12 : mutated 
plasmids cut with BamHI to confirm presence of insert. The arrow indi-
cates the position of the mutated plasmid digested with BamHI. 
7 kb 
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FIG 3.2  DNA sequencing chromatogram confirming mutation in morA GE-N*
(Chromas). The orange box indicates the desired mutation (GCA to AAC; Aspar-
agine to Alanine) 
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A.  MUTAGENESIS STUDIES OF  PSEUDOMONAS  MorA  : 
 
Full length morA and its GE domain, subcloned in pGEX-6P-1 expression vector, 
was  mutagenized using Stratagene’s  Quik Change XL site directed mutagenesis 
kit. The mutated  plasmids were checked on  1% agarose gel ( Figure 3.1a)  along 
control mutagenesis reaction and length markers. The mutagenesis reactions were 
transformed into E.coli DH5ά. Six colonies were obtained and the mutated plasmids 
were isolated  and restriction digestion with BamHI and NotI confirmed the presence 
of the insert ( presence of a nearly 7 kb band : 4.9 kb vector and 1.3 kb MorA-GE 
fragment) (Figure 3.1b). The presence of the required mutation was  confirmed in 
case of the N-95  mutagenesis, by sequencing five of the plasmids with specific 
primers (Figure 3.2) and performing  BLAST  analyses. The mutant obtained was 
named as morA-GE-N* .Further studies was carried out with morA-GE-N* as the 
mutation was not confirmed in case of FL-N* or D335. 
Bioinformatics analyses of the predicted mutant MorA-GE-N* and MorA-GE pro-
teins was carried out using ProtParam Tool (www.expasy.ch/protparam) to compare 
the expected physical and chemical properties of the two proteins (Table 3.1). 
Since the morA-GE-N* insert is cloned within a pGEX-6P-1 vector, expression and 
purification studies was carried out using a GST expression system based strategy. 
The morA-GE-N* was transformed into E. coli BL-21 for overnight growth. The 
overnight grown cultures were sub-cultured and then overnight induction with 
IPTG was carried out.  
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PROPERTIES  MorA-GE  MorA-GE-N*  





48196.0  48512.97  
Theoretical pI  5.65  5.65  
Number of negative 
residues 
  
58  58  
Number of negative 
residues  
46  46 
  
Estimated half life in 
E.coli  
3 MINS  3 MINS  
Instability index 
  
40.03  39.83  
Aliphatic index 
  
96.46  96.69  
GRAVY (Grand Average 
of Hydrophobicity)  
-0.215  -0.202  
TABLE 3.1 Physical and chemical properties of MorA GE and MorA GE-N* pro-
teins as computed by ProtParam(www.expasy.ch) 
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FIG 3.3  12.5% SDS-PAGE analyses of pre-induction and post–induction samples 
of pGEX-6P-1 and MorA GE-N*.2ml cultures (LB medium supplemented with 
100µg/ml of ampicillin) of E.coli BL-21 transformed with pGEX-6P-1 and E.coli 
DH5ά and BL21 strains transformed with pGEX-6P-1/GE-N*, were grown  over-
night and subcultured the next day in 25 ml of LB Broth (+ ampicillin 100µg/
ml).Cells were grown till an O.D. of 0.4-0.5600 nm. Induction with iPTG was car-
ried out for 12-16 hours at a temperature of 28°C with gentle shaking.  Samples 
were taken before induction and following induction and 10x Sample Buffer was 
added at a dilution of 1:1. Heat denatured the samples by boiling at 100°C. Loaded 
alongside SDS-PAGE low molecular weight protein markers. Lane 1:low molecu-
lar weight markers Lane   2:pGEX-6P-1( rGST )/DH5ά uninduced Lane 3: GE-
N*/DH5ά uninduced Lane 4: GE-N*/ BL-21 uninduced Lane 5:Low Molecular 
weight protein markers Lane 6: pGEX-6P-1 (rGST/ DH5ά induced) Lane 7:GE-
N*/DH5ά induced fusion protein Lane 9:GE-N*/ BL-21 induced fusion 
protein.The red arrow highlights the 70kDa MorAGE-N* fusion protein and the 
pink arrow highlights the rGST protein. 
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FIG 3.4 12.5% Denaturing SDS-PAGE analyses of post-sonication pellets 
and supernatants of pGEX-6P-1 and MorA GE-N*.2ml cultures (LB medium 
supplemented with 100µg/ml of ampicillin) of E.coli BL-21 transformed with 
pGEX-6P-1 and E.coli DH5ά and BL21 strains transformed with pGEX-6P-
1/GE-N*,was grown  overnight and subcultured the next day in 25 ml of LB 
Broth (+ ampicillin 100µg/ml).Cells were grown till an O.D. of 0.4-0.5600 nm. 
Induction with IPTG was carried out for 12-16 hours at a temperature of 28°
C with gentle shaking. Following induction, the cells were harvested and re-
suspended in Lysis Buffer. Sonication was carried out  twice( pulse of 7 amp) 
with a 45 second break in between, during which Triton-X was added to a 
final concentration of 1% v/v. The lysate was then centrifuged for 40 minutes 
at 6000rpm at 4°C. Samples of the post-sonication pellet and supernatant 
were taken and 10x loading dye was added. Heat denatured the samples by 
boiling at 100°C. Loaded alongside SDS-PAGE low molecular weight pro-
tein markers. Lane 1:low molecular weight markers Lanes 2 and 3: post 
sonication pellet  of GE-N* transformed cells Lane 4: Low molecular weight 
markers Lane 5 and 6: Post sonication supernatant of GE-N* cells Lane 7: 
Empty Lanes 8 and 9: Post induction cell pellet. The arrow indicates the GE-
N* fusion protein in the pellet. 
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FIG 3.5 SDS-PAGE showing GE-N* fusion protein 
resolubilised from insoluble bodies following urea 
treatment and subsequent resolubilization by rapid 
dialysis or dialysis. Lane 1: low molecular weight 
marker Lane 2: GE-N* Fusion protein following di-
alysis Lane 3: Rapid Dilution sample( nothing visible) 
 
         Lane      1        2       3 
MorA-
GE-N* 
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lysis was carried out by sonication. Aliquots of the pre-induction culture, post-
induction culture and post-lysis supernatant and pellet were analysed on 12.5% 
SDS PAGE (Figure 3.3 and Figure 3.4). The samples were run alongside size 
ladders as well as rGST (pGEX-6P-1) as controls. Prior to induction with iPTG, 
neither rGST nor the mutant GE-N* protein was visualized. Following induc-
tion, the 27kDa rGST protein as well as the ~70.5 kDA MorA-GE-N* protein 
could be visualized in the induced culture samples prior to lysis.  
 However, post-sonication and centrifugation of the lysate, the mutant 
protein could be observed almost entirely in the pellet as compared to the super-
natant (Figure 3.4). In spite of repeated extractions by sonication for different 
intervals of time and of different durations, same result was obtained (not 
shown). Therefore, an attempt was made to resolubilise the mutant protein from 
the pellet using a denaturation  by urea step followed by resolubilisation of the 
fusion protein by either rapid dilution or dialysis. The mutant MorA-GE-N* pro-
tein was successfully resolubilised from the pellet using the urea/dialysis proce-
dure and obtained to very high purity as shown by 12.5% SDS PAGE 
(Figure3.5). No protein was seen in the urea/ rapid dilution sample as seen in gel. 
The protein sample obtained following dialysis, was then affinity purified 
through a GST Sepharose Fast Flow Column and then subjected to on-column 
cleavage with Prescission Protease. The cleavage reaction was then analysed on 
gel but no reaction was seen (not shown). 
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FIG 3.6. PCR amplification of a 
3.75kb fragment from  P. putida 
PNL-MK25.Genomic DNA was 
isolated by a combination of phe-
nol/chloroform/sodium acetate. 
PCR was carried out using different 
amplification conditions and cy-
cling parameters. are described in 
section 2.4.2. Lane l: 1 kb DNA 
ladder Lane 1-3: No DMSO;5% 
formamide and 10% glycerol Lane 
4-5:DMSO and higher concentra-
tion of dNTPS. PCR products visu-
alized after electrophoresis on 1% 
agarose gel after staining with 
Ethidium Bromide. The arrow indi-
cates the position of the 3.75 kb 
fragment. 
 
     3g 
B.    CLONING, SEQUENCING AND BIOINFORMATICS ANALYSES OF 
PpAC. 
3.1 PCR amplification of  3.75kb  putative adenylate cyclase locus from P. 
putida PNL-MK25 
 A 3.75 kb fragment of genomic DNA was amplified  by PCR using a mixture of  
Taq and Vent polymerases from P. putida PNL-MK25 genomic DNA (Figure 3.6) 
using primers designed from flanking regions of Pfl_5493 (adenylate cyclase) of  
P. fluorescens Pfo-1 (Table 2.3)  according to the strategy in  Figure 2.3.   
 
3.2 TA Cloning of PCR product: 
The amplified product was subsequently, cloned into the pCR-IV TopoTA sequenc-
ing vector (See Appendix) by TA cloning. The TA cloning reaction was transformed 
into competent E. coli DH5ά and the transformed cells were plated onto LB-agar 
supplemented with ampicillin at 50 µg/ml and kept for overnight growth. Around 20 
to 30 white colonies were obtained and plasmids were isolated from them. (Figure 
3.7). The plasmids were obtained were of different sizes. To select the correct plas-
mids, the clones were restriction digested with EcoRI enzyme, cutting sites for 
which, flank the TA cloning region  (See Appendix  2)(Figure 3.8). Some of the 
plasmids were not cut, while others showed upper and lower bands of different 
sizes. The upper band in most cases corresponded to the vector, while there were a 
number of smaller sized bands in some of the plasmids which indicated that these 
were the putative correct clones as the presence of multiple EcoRI sites would 
indicate the presence of insert. 
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FIG 3.8 Restriction Analysis  of  clones with  
E.coRI. Lane L: Ladder. Lane 2-13: recombinant 
plasmids digested with EcoRI represents clones 
2B2,3B2,6B2,7B2,8B2,12A4,14A4,15A4,16A4,17A
4,19A4,22A4 
Figure 3.7  Uncut plasmids isolated from clones ob-
tained following TA Cloning. Lane number 2-11 
represents the clone numbers of plasmids 
p1Ba,p2Ba,p3Ba,p4Ba,p5Ba,p6Ba,p7Ba,p8Ba,p9Ba 
and p10Ba  
 1      2       3       4        5       6       7       8       9        10      11   
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3.3 Sequencing of clones to check the insert. 
 
Fourteen of clones were selected for sequencing (not shown) and were sequenced to 
check the orientation of the insert by using vector specific primers M13F, M13R, T7 
and T3 (Table 2.3).  Only six clones showed the correct insert. That the correct in-
sert was cloned, was verified by doing a BLAST of the sequences against Pseudo-
monas database.  The correct sequences showed highest match with the sequence of 
Adenylate cyclase (Pfl_5493) and its flanking sequences, which corresponded to the 
partial fragment obtained by sequencing of the morAPp double mutant D4 (Ng , 
2006). The other clones, on sequencing, showed recombination between the vec-
tor sequence and the insert (i.e. chimeric sequence) and mispriming (not shown). 
Five clones were selected for complete sequencing. 
 
3.4 Gene walking Strategy for the complete sequencing of the 3.75 kb puta-
tive P. putida Pfl_5493 homologue. 
The correct clones were then sequenced completely by a gene walking strategy 
as shown by Figure 3.9A and B. Some of the primers are given in Table 2.5.   
The entire 3.75 kb sequence  including the flanking regions were sequenced. 
 
3.5 Assembly,  Annotation  and Bioinformatics analyses of the complete se 
quence: 
The sequences obtained were aligned using Clustal W and MultiAlin and  the 
assembled consensus sequence obtained was further manually edited to remove 


















FIG 3..9A Diagrammatic representation of  the gene walking strategy used to sequence  the 3.75 kb Adenylate cyclase locus from 
P.putida. The red arrows denotes the boundary of the Adenylate cyclase locus. The names of the sequencing primers are indicated on 
the top of the arrows.  
FIG 3.9B Diagram showing the positions of PpAC homologue locus, Pfl_5493 in P.florescens and both strands. The numbers indicate 


















                                               Pfl_5493 Adenylate cyclase 3’ 
193 nt 
128 nt 
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FIG 3.10 Part of a multiple sequence alignment of  PpAC DNA sequences from various clones. The multiple alignment was carried 
out using MultiAlin (shown here) and CLUSTALW (not shown) . The Consensus sequence is shown at the bottom. 1-R,5-R,8-R and 
17-R indicates the sequences obtained by sequencing  of clones 1, 5, 8 and 17 with M13 R primers. MultiAlin. Ref: Corpet,F.1988. 
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assembled consensus sequence obtained was further manually edited to remove se-
quencing errors. A part of the alignment generated through MultiAlin is shown in 
Figure 3.10. Greater than 90% conservation  was highlighted by red and lesser than 
that by blue.  The consensus sequence obtained for the putative adenylate cyclase 
from P. putida (heretofore named as PpAC) was aligned with the sequence from the 
transposon tagged mutant D4 (provided by Ng Weiling) by CLUSTALW 
(www.ebi.ac.uk)   and the point of insertion of the transposon was localized and it 
was confirmed that the correct genomic sequence was cloned. (Figure 3.11). The 
final full annotated sequence is given in Figure 3.12. 
 
Genomic context of  PpAC: 
A comparison of the genomic context of the PpAC from P.putida and its homologs 
from different Pseudomonas species was carried out (Figure 3.13) using results 
from BLAST. The PpAC was seen to be flanked by hypothetical protein coding se-
quences. The PpAC was seen to be flanked by hypothetical protein coding se-
quences on the right side(gene1 and gene2) and an rnk gene on the left hand side. 
The rnk gene encodes a regulator of nucleotide diphosphate kinase gene. The coding 
region  for the rnk gene is on the other strand. 
 
ORF and Promoter Analysis:  
The most probable ORF was determined by using ORFinder of NCBI and Frame-
Plot  (Figure 3.14) to be ORF 3. ORF 3 was used for protein prediction analyses by 
SMART( Simple Modular Architecture Research Tool) (www.smart.embl.de). Inter-
Proscan analyses of PpAC put it in the Adenylate cyclase Class I family (Figure 
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 Fig 3.11 Clustal W alignment of PpAC and D4-GFP sequence( www.ebi.ac.uk) 
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              start codon of gene 2 
ACTCTTCAACCTGGACAGTTGCCAGGAAGGTCTGAAAATTCACCAGAGCGCTGCCCCGAA ACA-
CATCGCTGCTGCCCAGCGTCTCTTTGAAAAAGAACTCACCGACCAGCCCGATGGCGG 
TTATCTGACCAGCCTCGGTCGCGATGCCGCGCAAAACGTGCAGACCGTACTGACGATTTT    







 +3:   D  P  H  P  R  N  P  P  R  P  G  P  K  A  S  T  A 
DNA: CAAGGTACTCAGCCAACTGCGCGCACGTTTTCTCAAACTCAATGAAGGCCG 
 +3:   R  Y  S  A  N  C  A  H  V  F  S  N  S  M  K  A  A 
DNA: CCTCGGCCGCGCTCTCGAGGGCTTGTCGACGCGCCAGCAAAGCGTGTTGAC 
 +3:   S  A  A  L  S  R  A  C  R  R  A  S  K  A  C  *  R 
DNA: GCTGTTGCCGCTGTTCTTTCACGTCAATCATCCATTGCTGCCCGGCTATGT 
 +3:   C  C  R  C  S  F  T  S  I  I  H  C  C  P  A  M  S 
DNA: CTCGGGCAGTACGCCGGCCGGGCTCTCGAATTATGAGCCGGACGCCAATGC 
 +3:   R  A  V  R  R  P  G  S  R  I  M  S  R  T  P  M  R 
DNA: GCTGACCGAGGCGCAGCGCCTGACTCGCTCGTTCTCTTACAGGCCGCGCCA 
 +3:   *  P  R  R  S  A  *  L  A  R  S  L  T  G  R  A  M 
DNA: TGGCAGTAACCCGCCGCGACCGATCCACGGCCTGTTCCTGATGGGCAGCCT 
 +3:   A  V  T  R  R  D  R  S  T  A  C  S  *  W  A  A  S 
DNA: CGGCACACTGGCCCAGGCCGATCAGAGCGACATGGACGTGTGGGTCTGCCA 
 +3:   A  H  W  P  R  P  I  R  A  T  W  T  C  G  S  A  M 
DNA: TGGGCCGGACCTGAGCGAAAGCGAGCTCGCCGAGCTGAGCAAAAAGTGCCA 
 +3:   G  R  T  *  A  K  A  S  S  P  S  *  A  K  S  A  N 
DNA: ATTGCTGGAAGCCTGGGCTGCGAGCCAGGGTGCCGAAGCGCATTTCTTCCT 
 +3:   C  W  K  P  G  L  R  A  R  V  P  K  R  I  S  S  * 
DNA: GATCGACCCGGCGCGCTTCGTCAAAGGCGAACGCGATTCCAAGCTCAGTTC 
 +3:   S  T  R  R  A  S  S  K  A  N  A  I  P  S  S  V  R 
DNA: GGACAACTGCGGCAGCACCCAGCACTATCTGCTGCTCGACGAGTTTTACCG 
 +3:   T  T  A  A  A  P  S  T  I  C  C  S  T  S  F  T  A 
DNA: CACGGCGATCTGGCTGGTCGGGCGCACGCCGATCTGGTGGCTGGTGCCGGT 
 +3:   R  R  S  G  W  S  G  A  R  R  S  G  G  W  C  R  S 
DNA: CTATGAAGAAACAGCCTACGACGCCTACACCTACACCCTGCTGTCNAACGC 
 +3:   M  K  K  Q  P  T  T  P  T  P  T  P  C  C  X  T  L 
FIG 3.12 Final Annotated Consensus sequence of PpAC, along with predicted ami-
noacid sequence obtained through Alignment and Assembly of the sequence data. 
Stop and Start codons of genes flanking PpAC is shown. Translation by Sixframe
(http://searchlauncher.bcm.tmc.edu/cgi-bin/seq-util/sixframe.pl). SMART predicted 
AC domain also highlighted. Continued .. 
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DNA: TTCATTCGCGCCGACGAAACCCTGGATCTCGGGCCGATGGCGACATTCCGC 
 +3:   H  S  R  R  R  N  P  G  S  R  A  D  G  D  I  P  P 
DNA: CCGGGGAATTCATCGGCGCCGGATTGTGGCAGTTGTTCAAAGGCATCGAAT 
 +3:   G  E  F  I  G  A  G  L  W  Q  L  F  K  G  I  E  S 
DNA: CGCCCTACAAGTCAGTGCTCAAACTGCTGCTGACCGAGGTGTACGCCAGTG 
 +3:   P  Y  K  S  V  L  K  L  L  L  T  E  V  Y  A  S  E 
DNA: AACACCCGCACGTTCAGTGCCTGAGCCTGCGCTTCAAGAAAGCCGTGTTCG 
 +3:   H  P  H  V  Q  C  L  S  L  R  F  K  K  A  V  F  A 
DNA: CCAATCAGCTCGATCTCGATGAGCTTGACCCGTACATGGTCGTGTACCGGC 
 +3:   N  Q  L  D  L  D  E  L  D  P  Y  M  V  V  Y  R  R 
DNA: GTATCGAGGAATACCTGATCGCCCGCAACGAACCGGAGCGTCTTGAACTGG 
 +3:   I  E  E  Y  L  I  A  R  N  E  P  E  R  L  E  L  V 
DNA: TGCGCCGCGCGCTGTATCTGAAAGTCAACCGCAAGCTCACCGGCAACAGCC 
 +3:   R  R  A  L  Y  L  K  V  N  R  K  L  T  G  N  S  R 
DNA: TTCATTCGCGCCGACGAAACCCTGGATCTCGGGCCGATGGCGACATTCCGC 
 +3:   H  S  R  R  R  N  P  G  S  R  A  D  G  D  I  P  P 
DNA: CCGGGGAATTCATCGGCGCCGGATTGTGGCAGTTGTTCAAAGGCATCGAAT 
 +3:   G  E  F  I  G  A  G  L  W  Q  L  F  K  G  I  E  S 
DNA: CGCCCTACAAGTCAGTGCTCAAACTGCTGCTGACCGAGGTGTACGCCAGTG 
 +3:   P  Y  K  S  V  L  K  L  L  L  T  E  V  Y  A  S  E 
DNA: AACACCCGCACGTTCAGTGCCTGAGCCTGCGCTTCAAGAAAGCCGTGTTCG 
 +3:   H  P  H  V  Q  C  L  S  L  R  F  K  K  A  V  F  A 
DNA: CCAATCAGCTCGATCTCGATGAGCTTGACCCGTACATGGTCGTGTACCGGC 
 +3:   N  Q  L  D  L  D  E  L  D  P  Y  M  V  V  Y  R  R 
DNA: GGCAGACCCAGTGGGGCCTGTACAACGGCAGCCTGACGGCGCTGGAGTGGG 
 +3:   Q  T  Q  W  G  L  Y  N  G  S  L  T  A  L  E  W  E 
DNA: AACATTTCGCGCCGATCAAGCGCAGTCGCGAACTGCTTGAATTGCTGACCT 
 +3:   H  F  A  P  I  K  R  S  R  E  L  L  E  L  L  T  W 
DNA: GGTGCCACCGCAACGGCGTGATCGACAGCAGCACGCGTCTGGCCCTGCATC 
 +3:   C  H  R  N  G  V  I  D  S  S  T  R  L  A  L  H  P 
DNA: CGGGCACCAGCGACTTGAGCGAGTTCGAGCTGTTCAACCTGCTTGGCAGCC 
 +3:   G  T  S  D  L  S  E  F  E  L  F  N  L  L  G  S  L 
DNA: TGCAGCAGTGCATCGCCCTGCCCTTGCCCACCGTGGCCGAAGAGGCGTTGC 
 +3:   Q  Q  C  I  A  L  P  L  P  T  V  A  E  E  A  L  L 
DNA: TGCGCGCCGCTGTGCCCAGCGAAGTGCTGCTATTGATCAACGTCGGCGTCG 
 +3:   R  A  A  V  P  S  E  V  L  L  L  I  N  V  G  V  D 
DNA: ACCCGCTCAAGCATCACCGCGATCTGAATATCCTGATGACCACCGAGCGCA 
 +3:   P  L  K  H  H  R  D  L  N  I  L  M  T  T  E  R  T 
DNA: CCGACTCGCTGAGCTATGCCGGCGTGCGTGAAAACCTGGTGCTGACCCTCG 
 +3:   D  S  L  S  Y  A  G  V  R  E  N  L  V  L  T  L  D 
DNA: ATCAGGTCACGCTCAACAGCTGGAACGAAGTGCTGGTCAATCGTTTCGACG 
 +3:   Q  V  T  L  N  S  W  N  E  V  L  V  N  R  F  D  G 
DNA: GCCAGCATGCGCTGCTCGACTGCCTGCGCGATTACCTCAACAACCTGCCGC 
 +3:   Q  H  A  L  L  D  C  L  R  D  Y  L  N  N  L  P  R 
DNA: GCGGCCCTGTGCAGCCGTCGCTGAAAGTGCGCTGCTTCTGCCACAACCGCG 
 +3:   G  P  V  Q  P  S  L  K  V  R  C  F  C  H  N  R  A 
DNA: CGCAATTCATTGCCCGCCGCGTCGAGGAAATCGTCGACACCGCGCAGACCC 
 +3:   Q  F  I  A  R  R  V  E  E  I  V  D  T  A  Q  T  L 
Continued ... 
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DNA: TTGTTGCTCAGCGAGCTGAATCACCGCTTACCTGATTCAGGTGCAGCAGCA 
 +3:   V  A  Q  R  A  E  S  P  L  T  *  F  R  C  S  S  T 
DNA: CTACCACGTGCTGGAACTGGTGCCGGGTCAGGTCAACCATGTCGCCCTCCC 
 +3:   T  T  C  W  N  W  C  R  V  R  S  T  M  S  P  S  P 
DNA: CACCCTGGCGGCACTGCTCGATTATCTGGGCGAAGAACAACCTGCGCTACA 
 +3:   P  W  R  H  C  S  I  I  W  A  K  N  N  L  R  Y  S 
DNA: GCCCGCTGCACCTCGACCCGATGGCACTGGAAGATCACGACCTGGCGCTGA 
 +3:   P  L  H  L  D  P  M  A  L  E  D  H  D  L  A  L  I 
DNA: TCCTGCCGATGGGTCAGCCGGAATGCATTCAGGTGTTCTATCGCATCAGCG 
 +3:   L  P  M  G  Q  P  E  C  I  Q  V  F  Y  R  I  S  E 
DNA: AACAGCAGGCGGAGCTGTACGTGCTGGATGAATTCAATGCGCTGTGGCAGC 
 +3:   Q  Q  A  E  L  Y  V  L  D  E  F  N  A  L  W  Q  Q 
DNA: AGCAACTGCCGTACCACGACGAGCAGAGTCTGCTGGTACCGCTGCAGCGTT 
 +3:   Q  L  P  Y  H  D  E  Q  S  L  L  V  P  L  Q  R  F 
DNA: TTCTGCAATCGATCCAGTACCGCCGTGAAGCGCAATTGCCGATGGACGGTG 
 +3:   L  Q  S  I  Q  Y  R  R  E  A  Q  L  P  M  D  G  G 
DNA: GCCCTGCAGGCAGCCCCGAGACTTTGTATTACCAGCTCTTGCCGTCAGGCC 
 +3:   P  A  G  S  P  E  T  L  Y  Y  Q  L  L  P  S  G  P 
DNA: CGGGGCGCTCGCGCAGGGTCGAAACCCGCCCGGCACCGCAGACGCCGGTGA 
 +3:   G  R  S  R  R  V  E  T  R  P  A  P  Q  T  P  V  N 
DNA: ACAAACCGTTCTACGATGTGCAGGCAATCATCGGCAAAGCCGCACCCGGCG 
 +3:   K  P  F  Y  D  V  Q  A  I  I  G  K  A  A  P  G  E 
DNA: AAGTGCAGGTCACCCTGTATTGCAATCAGCGCGAATTCAGCGAGCTGGAGC 
 +3:   V  Q  V  T  L  Y  C  N  Q  R  E  F  S  E  L  E  H 
DNA: ATGGCGACCAGTTGTTCAGCGTGGTCGCCCGGGAGATCGTCGAGCAGCGCC 
 +3:   G  D  Q  L  F  S  V  V  A  R  E  I  V  E  Q  R  R 
DNA: GCGAGACCGAGCGTTATCGCTGCTACATCACCGACCTCGACCTGTCGGGTC 
 +3:   E  T  E  R  Y  R  C  Y  I  T  D  L  D  L  S  G  L 
DNA: TGCTCGGTGACGGGCACAGTTCAAGCAATCTGTATCTGCGCTACAAGGCGG 
 +3:   L  G  D  G  H  S  S  S  N  L  Y  L  R  Y  K  A  D 
DNA: ACCTGGAGCGCTCGTTGAATGAAGCGCTCGAACAGGTTTGA 
 +3:   L  E  R  S  L  N  E  A  L  E  Q  V  *   
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Continued from previous page. 
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Figure 3.13 Genomic context of PpAC  in Pseudomonas  in comparison to other 
known Adenylate cyclases. The ORFs are shown based on genome sequencing 
results  published in http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi. 
Gene 1 Gene  1  
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FIG 3.14b Predicted Open Reading Frames of PpAC using ORF Finder  
ORFinder of NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html)  
FIG 3.14a Predicted Open Reading Frames of PpAC by Frame Plot.(http://
www.nih.go.jp/~jun/cgi-bin/frameplot.pl). 
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FIG  3.15a Results of InterProScan Analyses of PpAC predicted protein sequence 
( www.ebi.ac.uk/cgi-bin/prscan) 
FIG  3.15b  SMART predicted domain structure of PpAC. The priority for display 
is given by SMART > PFAM > PROSPERO repeats > Signal peptide > Transmem-
brane > Coiled coil > Unstructured regions > Low complexity regions 
(www.smart.embl-heidelberg.de) 
FIG 3.15c. TFSitescan predicted ExsA binding site in upstream region of PpAC 
(www.ifti.org/ifti-imaps) 
     3q 
FIG 3. 16 TMPred prediction of the topology of PpAC. Possible transmembrane 
helices for length between 17 and 33  shown in box a. Scores above 500 only sig-
nificant. Both inside to outside and outside to inside, helices  were searched for.  
Only one significant hit was obtained as indicated above. (http:/
www.ch.embnet.org/software/TMPRED_form.html) 
Inside to outside helices :   3 
found 
      from        to    score cen-
ter 
  52 (  52)  71 (  71)    142     
62 
 181 ( 183) 204 ( 199)    185    
191 
 535 ( 535) 554 ( 551)    751    
543 
     3r 
large AC domain extending from  79 to 818 and possessing 4 to 5 regions of dis-
order. (Figure 3.15b). Promoter analyses of the upstream region of PpAC was 
carried out using TFsitescan. The upstream region was seen to have a binding for 
ExsA (Figure 3.15c).   
 
Pattern and Profile searches: 
Possible protein modification sites (phosphorylation, glycosylation, myristoylation) 
etc were predicted by SCAN PROSITE (not shown). 
 
Topology Predictions: 
TMPred predictions  of the topology of PpAC was carried out, to detect the presence 
of any trans-membrane helices  and the results was shown in Figure 3.16. Strong  
evidence for a transmembrane helix from position of 535 to 554 amino acids. DAS 
prediction also pinpoints strongly the presence of a transmembrane part between 
480 to 491 aminoacids (not shown). 
 
Primary and secondary Analyses of PpAC predicted protein: 
Primary  and Secondary structure analysis of PpAC was carried out using various 
methods to give an idea of the biochemical nature of the predicted protein sequence. 
ProtParam analyses shows that the predicted protein is of 946 amino acids with a 
molecular weight of  106.3 kDa and a pI of 9.56. It  has almost 128 positively 
charged amino acids ( Arg and Lys ) as compared to  89  negatively charged  
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FIG 3.17 Results of Fugue Analysis of PpAC. FUGUE searches the sequence(s) 
against fold library (HOMSTRAD database) using environment-specific substitution 
tables and structure-dependent gap penalties. Details of the highest hits are below.
(http://www-cryst.bioc.cam.ac.uk/~fugue/:) 
 
Homstrad database identity number Description 
hs2bica Solution structure of recombinant pcf from 
P.cactorum 
hs1kg1a NMR structure of nip1 elicitor protein from 
R.secalis 
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amino acids (Aspartate and Glutamine). The instability index showed a value of 
57.94, showing it to be a very unstable protein. The aliphatic index shows a 
value of  81.51. The GRAVY value is –0.434. 
 
Secondary Structure analyses: 
Secondary structure of the protein refers to the local conformations taken up by the 
polypeptide sequence owing to the contrasting nature of the amino acid side chains
( hydrophilic/hydrophobic) and the differences in their relative amounts in a poly-
peptide sequence. A helices, Beta strands, alpha and beta structures, alpha/beta 
class). Alpha helices are helical and more rigid while beta strands are more extended 
in structure. PROF (Cascaded Multiple Classifiers for Secondary Structure Predic-
tion)  was used to predict the secondary structure of PpAC. PROF predicts that the 
putative PpAC  is a mixed structure protein with (Helix= 36.36%, E=12.90%, 
L=50.94) and also predicts a solvent accessibility composition (core/surface ratio) of 
the protein as ( 52.11% - residues exposed with greater than 16% of their surface 
and 47.89% of all other residues). 
 
Tertiary Structure Analyses: 
Several structure prediction methods were tried to predict the possible 3 D struc-
ture of a protein. While no results were obtained with methods based on com-
parative modeling ( SWISS-MODEL, geno3D,EsyPred) or ab initio methods 
(Rosetta), results were obtained using threading based FUGUE and Loops. Clos-
est hits are shown in Figure 3.17. 
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    cyaA/ PA5272 
TABLE 3.2 List of  PpAC homologues in Pseudomonas sp used for  multiple se-
quence analysis and phylogenetic analysis through tree construction 
Name of protein Sptrembl/Uniparc 
Identifier 
Name of gene/locus  Organism 
CYA Q6CZG4 CYA/ECA4187 E. carotovora subsp 
atroseptica 
 Q7MYN2  PLU4643 P.luminescens subsp 
lammondii  
CYA Q66FX9_YERPS CYA/YPTB0185 Y.  pseudotuberculosis 
Adenylate cyclase Q87KJ0 _VIBPA VP_2987 V. parahaemolyticus 
Adenylate cyclase CYAP_SALT1 CYAA Salmonella typhi 
Adenylate cyclase  Q7MQC5  Adenylate cyclase  V. vulnificus YJ016 
Adenylate cyclase Q84D09  CYA V. vulnificus 
Adenylate cyclase Q4QMJ2_HAE18  cya/NTH1089 Haemophilus influen-
zae 86-028NP  





Q8E9H1_S cyaA/ Shewanella oneidensis 
TABLE  3.3 List of some Adenylate cyclases from other bacterial species used for 
alignment and tree construction studies. 
Name of protein Sptrembl/Uniparc 
Identifier 
Name of gene/locus  Organism 
Adenylate Cyclase cyaA Q9HTS8_PSEAE  cyaA/PA5272 P.aeruginosa 
PAO1 
Adenylate Cyclase cyaA Q4K3W7_PSEF5  cyaA/ PFL_6008 P.fluorescens 
Pf-5 
cyaA Q88CF9 PSEPK:  cyaA/PP5222  P.putida 
KT2440 
Adenylate cyclase Q3K4S4_PSEPF  PflO1_5493 P.fluorescens 
Pfo-1 
hypothetical protein 
PaerP _01000522     
UPI0000D7265C  - Pseudomonas 
aeruginosa PA7  
Adenylate cyclase  Q2XHI2_PSEPU  Adenylate cyclase  Pseudomonas 
putida F1  
     3t 
CLUSTAL W (1.83) multiple sequence alignment 
ACPflo1         -MTRTHEIRPDLDEGIDRKVLSQLRARFLKLNEGRLNRALEGLSTRQQSVLTLLPLFFHV 59 
ACPf5           -MPHTHEIRPDLDEGIDRKVLSQLRARFLKLNEGRMARAMEGLSTRQQLVLNLLPLFFHV 59 
PpAC            DPHPRNPPRPGPKASTARYSANCAHVFSNSMKAASAALSRACRRASKACXRCCRCSFTSI 60 
ACPAO1          -MNRHPALSLDLDDGIDRKVLGQLRQRFLAVNAGRLQRARQALSSRQERVLRLLPLLFHI 59 
ACPA7           --------------------LGQLRQRFLAITAGRLERARQALSARQERVLRLLPLLFHI 40 
ACF1            --------------------LATLRARFLHLNQGRLQRAKEGLSTRQQQVLSLLPLLFHV 40 
PpACKT2440      -MNHPHEIRPDLDEGIDRKVLATLRARFLHLNQGRLQRAKEGLSTRQQQVLSLLPLLFHV 59 
                                        :     :. .    :     : :         :  : 
ACPflo1         NHPLLPGYVSGSTPAGLSNYEPDADVLAEAQRLTRSFSYKPRHGSNPPRPIHGLFLMGSL 119 
ACPf5           NHPLLPGYVSGATPAGLSCYEPDPQALAEAQRLTRSFSYKPRHG-NPPRPIHGLFLMGSL 118 
PpAC            IHCCPAMSRAVRRPGSRIMSRTPMRXPRRSAXLARSLTGRAMAVTRRDR----STACSXW 116 
ACPAO1          NHPLLPGYLSASTPAGLSGFEADDEVLAEAQRLARSFVYKPRRQEPAQQPIHGLFLMGSL 119 
ACPA7           NHPLLPGYLSATVPAGLSGFEPDPQALAEAQRLARSFCYKPRRQDAGQQPIHGLFLMGSL 100 
ACF1            NHPLLPGYVSGSTPAGVSAYEPSAELVADAQRLARSFTYKAQHGNP-PRPIHGLFLMGSL 99 
PpACKT2440      NHPLLPGYVSGSTPAGVSAYEPSAELVADAQRLARSFTYKAQHGNP-PRPIHGLFLMGSL 118 
                 *   .   :   *..    ..       :  *:**:  :.       :        .   
ACPflo1         GTLAQADQSDMDVWVCHAPDLSDSDLAELRKKCQLLETWAASQGAEAHFFLID-PVRFVK 178 
ACPf5           GTLAQADQSDMDVWVCHAPDLGENELAELQKKCQLLETWAAGQGAEAHFFLID-PNRFVR 177 
PpAC            AASAHWPRPIRATWTCGSAMGRTXAKASSPSXAKSANCWKPGLRARVPKRISSXSTRRAS 176 
ACPAO1          GSLAQEEQSDLDLWVCHAPELEPGARQELRRKCALIEDWARSQGSEVHCFLID-VARFGQ 178 
ACPA7           GSLAQEEQSDLDLWVCHAADLDAAARRELRRKCALIEDWARAQGCEAHCFLID-VERFGR 159 
ACF1            GSLAQAEHSDMDLWVCHAPGLPEQLLGELRRKCQLLEAWAASLGAEAHFFLID-TQGFAQ 158 
PpACKT2440      GSLAQAEHSDMDLWVCHAPGLPEQLLGELRRKCQLLEAWAASLGAEAHFFLID-TQGFAQ 177 
                .: *:  :.    *.* :.        .    .   : *  .  ...   : .        
ACPflo1         GERDTQLSSEDCGTTQHYLLLDEFYRTAIWLAGRTPIWWLVPVYEERAYDAYTHTLISKR 238 
ACPf5           GERDTQLSSDDCGTTQHYLLLDEFYRTAIWLAGRTPLWWLVPVYEERRYEQYIDTLLSKR 237 
PpAC            SKANAIPSSVRTTAAAPSTICCSTSFTARRSGWSGARRSGGWCRSMKKQPTTPTPTPCCT 236 
ACPAO1          DEREDRKEPGGDGNTQHFLLLDEFYRSAIWLGGRTPLWWLVPPAHERRYDEYCRTLLGKR 238 
ACPA7           GEDDG-------GNTQHFLLLDEFYRSAIWLGGRTPLWWLVPPAHEQRYDEYCRALLGKR 212 
ACF1            GQRDGQLGSDDCGTTQHYLLLDEFYRTTLWLAGRTPLWWLVPVYEEHNYYSYTQTLLSKR 218 
PpACKT2440      GQRDGQLGSDDCGTTQHYLLLDEFYRTTLWLAGRTPLWWLVPVYEEHNYYSYTQTLLSKR 237 
                .: :          :    :  .   ::   .   .          :       .      
ACPflo1         FIRNDETLDLGPMAHIPPGEFVGAGLWQLFKGIESPYKSVLKLLLTEVYASEHPHVQCLS 298 
ACPf5           FVPAEENLDLGHMARIPPGEFIGAGLWQLFKGIESPYKSVLKLLLIEVYASEHPKVQCLS 297 
PpAC            LHSRRRNPGSRADGDIPPGEFIGAGLWQLFKGIESPYKSVLKLLLTEVYASEHPHVQCLS 296 
ACPAO1          FIRAEEVLDLGHLAHIPAREFIGAGLWQLSKAIDSPYKSLLKLLLTEAYASEHPRVRCVA 298 
ACPA7           FVRAEEVLDLGHLARIPAREFIAAGLWQLSKAIDSPYKSLLKLLLTEAYASEHPRVGCVA 272 
ACF1            FIRSQEALDLGNLAHIPPGEFVGAGLWQLFKGIDSPYKSLLKLLLTEAYAGEHPAVRCLS 278 
PpACKT2440      FIRSQEALDLGNLAHIPPGEFVGAGLWQLFKGIDSPYKSLLKLLLTEAYASEHPAVRCLS 297 
                :    .  .    . **. **:.****** *.*:*****:***** *.**.*** * *:: 
 
ACPflo1         LRFKQAVFANRLDLDELDPYMVVYRRIEEYLTARNEPERLELVRRALYLKVNRKLTG--N 356 
ACPf5           LRFKQAVFANRLDLDELDPYIVVYRRIEEYLKARGEPERLELVRRSLYLKVNRKLTVGNA 357 
PpAC            LRFKKAVFANQLDLDELDPYMVVYRRIEEYLIARNEPERLELVRRALYLKVNRKLTG--N 354 
ACPAO1          LRFKEQVFAGQLDLDELDPYVLVYRHLERYLREQQAPERLELVRRCLYLKVGRKLGGRQR 358 
ACPA7           LRFKEQVFAGQLDLDALDPYVLVYRHLERYLQERQAPERLELVRRCLYLKVGRKLGGRQR 332 
ACF1            LDYKQAVFANQLDLDELDPYVMVYRRIERYLLQRGEPARLELVRRSLYLKVNKKLSDQGR 338 
PpACKT2440      LDYKQAVFANQLDLDELDPYVMVYRRIERYLLQRGETARLELVRRSLYLKVNKKLSDQGR 357 
                * :*: ***.:**** ****::***::*.**  :  . *******.*****.:**      
ACPflo1         TRTQSWQRSLLERLASEWHWDQRQLALLDSRSQWKVRQVSAERRALVNELNYSYRFLTQF 416 
ACPf5           TRSPNWQRALLERLASEWGWDQRQLALLDSRSQWKVRQVSSERRALVNELNYSYRFLTQF 417 
PpAC            SRSQGWQRALLERLAGEWHWDQRQLALLDSRSQWKVRQVSAERRALVNELNYSYRFLTQF 414 
ACPAO1          QAQKGWQHLSMERLVAEWQWEPRRLALLDSRSQWKMRQVMEERRTVVNELTYSYRLLFQI 418 
ACPA7           QARQDWQLQSMERLAAEWQWQPRRFALLDSRSQWKMRQVLEERRSVVNELTYSYRLLFQF 392 
ACF1            --SHGWQRRLLQRLTDEWGWDQRQLALLDSRSQWKVQQVAVERRELVAELNLSYRFLSQF 396 
PpACKT2440      --SHGWQRRLLQRLADEWGWDQRQLALLDSRSQWKVQQVAVERRELVAELNLSYRFLSQF 415 
                    .**   ::**. ** *: *::**********::**  *** :* **. ***:* *: 
 
 
FIG  3.18.  CLUSTAL W alignment of PpAC and its homologues in Pseudomonas 
sp.  The red line shows the conserved signature I motif of the catalytic region while 
the blue line highlights the conserved signature II motif of the regulatory region.
(www.ebi.ac.uk) 
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 ACPflo1         ARTEQTVSLINKRDLNVLGRRLYAAFERKADKVEFINPGIAPDLAEDTLTLVQSPNKKEP 476 
ACPf5           ARTEQAASLINKRDLNVLGRRLYAAFERKAGKIEFINPGIAPDLAEDTLTLVQSPNKKEP 477 
PpAC            ARSEQTVSLINKRDLNVLGRRLYAAFERKADKVELINPGIAPDLAEDTLLVQ-SPNKKEP 473 
ACPAO1          ARQQGADSGIDSRDLGLLGRRLYAAFERKAGKVENINPGIAPDLGEDVLTLVQLPADDGR 478 
ACPA7           ARRQGADSGIDSRDLGLLGRRLYAAFERKAGKVEHINPGIAPDLGEDVLTLVQRPAGSDH 452 
ACF1            ARTQNASSRADQRDLNVLGRRLYAAFERRAGKVEVINPGIAPDLAEGTLTLVQAPNRKEP 456 
PpACKT2440      ARTQNASSRADQRDLNVLGRRLYAAFERRAGKVEVINPGIAPDLAEDTLTLVQAPNRKEP 475 
                ** : : *  :.***.:***********:*.*:* *********.*..* :   *  .   
 
ACPflo1         GQTQWGLYNGSLTALEWEHFAPIKRSRELLELLTWCHRNGVIDSSTRLALHPGTSDLSEF 536 
ACPf5           GQNHWGLYNGSLTALEWEHFAPIKRSRELLELLTWCHRNGVIDSSTRLALHPGSSDLSEF 537 
PpAC            GQTQWGLYNGSLTALEWEHFAPIKRSRELLELLTWCHRNGVIDSSTRLALHPGTSDLSEF 533 
ACPAO1          EQAQWAIFPGALGAHQWPDYAPLKRSLRLVELLAWCHRNGVIDSATRLSLHPGQSDLGDA 538 
ACPA7           APPHWAIYPGALSVREWPDYAPLQRAGRLVELLAWCHRNGVIDSATRLSLHPGQSDLGEP 512 
ACF1            GSYHWELYSGNLSTHEVQHFSPMKRCRELLELLTWAHRNGVIDSSTRMALHPGASDLGEF 516 
PpACKT2440      GSYHWELYSGNLSTHEVQHFSPMKRCRELLELLTWAHRNGVIDSSTRMALHPGASDLGEF 535 
                   :* :: * * . :  .::*::*. .*:***:*.********:**::**** ***.:  
 
ACPflo1         ELFNLLGSLQQSIALPLSTVAEEPLLRAAVPSEVLMLVNVGVDPLKHHRDLNILMTTERT 596 
ACPf5           ELFNLLGSLQQTVPLPLTTVSEEQLLHAAVPGEVLILVNVGVDPLKHHRDLNILMTTERT 597 
PpAC            ELFNLLGSLQQCIALPLPTVAEEALLRAAVPSEVLLLINVGVDPLKHHRDLNILMTTERT 593 
ACPAO1          ELDNLLGSLRQFLPVPLATVDDADLLQPRRLKSVLLLVNVGVDPLRHHSQMNLHMATGRT 598 
ACPA7           ELSSILASLRQFLPLPLASVDDAELLQPRRSKRVLLLVNVGIDPLRHHSQMNLHMATGRT 572 
ACF1            ELFNLLGCLRQSIPLPLPTVSEVRLLQPSVADEVLLLVNVGVDPLRHHRELNVLMTTERT 576 
PpACKT2440      ELFNLLGCLRQSIPLPLPTVSEVRLLQPSVADEVLLLVNVGVDPLRHHRDLNVLMTTERT 595 
                ** .:*..*:* :.:**.:* :  **:.     **:*:***:***:** ::*: *:* ** 
 
ACPflo1         DSLSYAGVRENLVLTLDQVTLNSWNEVLVNRFDGPHALMDCLRDYLNNLPRGS----QQP 652 
ACPf5           DSLSYAGVRENLVLTLDQVTLNSWNEVMVGRYDAEHALLDCLRDYLNNLPGG-----TQP 652 
PpAC            DSLSYAGVRENLVLTLDQVTLNSWNEVLVNRFDGQHALLDCLRDYLNNLPRGP----VQP 649 
ACPAO1          DVLGYAGVRDNLVLTLDQLSLNSWNELTVRHYAGPQALPECLAEFLDAVREKPGSPPQPP 658 
ACPA7           DVLGYAGVRDNLVLTLDLLGLNSWNELTVRHYEGPQALPECLADFLDAVREKPGAPPRPP 632 
ACF1            DALSYAGVRENLVLTLDQVTVNSWNEVLVQRYDGEHALVRCLRDFLNSPAQRG----HRP 632 
PpACKT2440      DALSYAGVRENLVLTLDQVTVNSWNEVLVQRYDGEHALVRCLRDFLNSPAQRG----HRP 651 
                * *.*****:******* : :*****: * :: . :**  ** ::*:            * 
 
ACPflo1         SLRVRCFCHNRAQFIARRVEEIVDTAQTLLLSDLNHRYL-IQVQQHYHVLELVPGQVSHV 711 
ACPf5           RLRVRCFCHNRAQFIARRVEELFETAHNLLLSQLNYRYL-IQVQQHYHVLELVPGQVRHR 711 
PpAC            SLKVRCFCHNRAQFIARRVEEIVDTAQTLVAQRAESPLTXFRCSSTTTCWNWCRVRSTMS 709 
ACPAO1          ELMVRCFCRNRAAAIAVRVEELFRETYGQLLGGQPSRYL-LQIRQQYHLLEMSPEAVSHE 717 
ACPA7           DLAVRCFCRNRAEAIAQRVEALFRETYGLLLGGQPSRYL-LQVRQHYHLLELTPESVSHA 691 
ACF1            RVRVRCFCQSRAQPIGQRVEEIFDTAQLLRDQGLHHRYL-LQVAQHTHVLELLPEHVSLT 691 
PpACKT2440      RVRVRCFCQSRAQPIGQRVEEIFDTVQLLRDQGLHHRYL-LQVAQHTHVLELLPEHVSLT 710 
                 : *****:.**  *. *** :.  .              ::  .     :          
 
ACPflo1         ALATLPALLDYLGEEQPRYSPLHLDPMALEDHDLALILPMGQPECIQVFYRITEQTAELY 771 
ACPf5           AMATPAALLEYLGQEQSRYSPLHLDPMALEDHDLALILPMGQPDCIQVFYRIVDEYAELY 771 
PpAC            PSPPWRHCSIIWAKNNLRYSPLHLDPMALEDHDLALILPMGQPECIQVFYRISEQQAELY 769 
ACPAO1          SLPDLPSLLQHLGRERDGYSALKLDRHALEGEDLGLILSMGRPDCIQVFYRRDFDSAEIS 777 
ACPA7           SLPDLPSLLQHLGRERGAYSALKLDRHALEGEDLGPILSMGRPGCIQVFYRRDFDSAEII 751 
ACF1            TLAEHEGLLAYLGEERSAYSPLYLDANALQDHDLRLVLEQGRPACIQVFYRLQGGWADVY 751 
PpACKT2440      TLAEHEALLAYLGEERSVYSPLYLDANALQDHDLRLVLEQGRPACIQVFYRLQGGWADVY 770 
                . .         ..:.  **.* **  **:..**  :*  *:* *******     *::  
 
ACPflo1         VLDEFNALWQQHLPYHDEQSLLVPLQRFLQSIQFRREALLPMDSG-HAASLEILYYQLLP 830 
ACPf5           VLDEYNALWQQTLPYHDEHSLLVPLQRFLQSILYRREALLPMDSNQPEKPLDTLYLQILP 831 
PpAC            VLDEFNALWQQQLPYHDEQSLLVPLQRFLQSIQYRREAQLPMDGG-PAGSPETLYYQLLP 828 
ACPAO1          LLDERNALWRQRQALRDERSLLAPLQRFLQSLLYRRNALS-LAEQVPAALD-IRYYELLS 835 
ACPA7           LLDERNSLWRQRQALRDERSLLAPLQRFLQSLLYRRSALS-LAGPTPASLD-IHYYEVLA 809 
ACF1            VLDEYNALWQQRLPLHDEAHLLLPLQRFLRSVVMRRDARLPLDSLRPASLD-IHYAQLLP 810 
PpACKT2440      VLDEYNALWQQRLPLHDEAHLLLPLQRFLRSVVMRRDARLPLDSLRPASLD-IHFAQLLP 829 
                :*** *:**:*  . :**  ** ******:*:  **.*   :            : ::*. 
 
ACPflo1         SGPGRARRVEMRPAPQTPVNKPFYDVQAIVGKAAPGEVQVTLYCNQREFSELEHGDQLFS 890 
ACPf5           SGTGRARRVEPRPAPPTPVDKAFYDVQAIIGKAAPGQVQVSLYCNQREFSDLEYGDQLFA 891 
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continued …. 
ACPflo1         VVAREIVGQRRETERYRCYITDLDLSGVIGDGQSSSNLYLRYKADLERSLNEALEQV--- 
947 
ACPf5           AVAQEIVGQRHETERYRCYITDLDLSGLLGDVQSPSILYLRYKASLERALNDALEQV--- 
948 
PpAC            VVAREIVEQRRETERYRCYITDLDLSGLLGDGHSSSNLYLRYKADLERSLNEALEQVX-- 
946 
ACPAO1          AVARHILAHRAESEPYPCYLTDLDLSRLFADEQPQTLHYLRYKSVLETALNQALLEQ--- 
950 
ACPA7           ------------------------------------------------------------ 
ACF1            ------------------------------------------------------------ 
PpACKT2440      VVARQIIGQRRGAERYRCYITDLDLSELLDDRLGATQVYLSYKRVLEQALNEGLEQVLAQ 
949 
                                                                             
 
ACPflo1         -- 
ACPf5           -- 
PpAC            -- 
ACPAO1          -- 
ACPA7           -- 
ACF1            -- 
PpACKT2440      GA 951 
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Domain Analysis  and Phylogenetic Analyses of PpAC and its homologues 
in Pseudomonas and other  bacterial ACs by MSA of protein sequences. 
 
The SMART predicted PpAC  domain was used as  query for  Advanced BlastP2 
service  to fish out the proteins, both from Pseudomonas and other species show-
ing highest matches with PpAC. These protein sequences were compiled in a  
tabular form with their identifiers (Table 3.2 and Table 3.3) and were used for 
the domain and phylogenetic analyses. 
Multiple sequence alignment was carried out of  PpAC and its homologues from 
Pseudomonas sp. as well as from other bacterial species, using ClustalW and 
MultiAlin. (Figure3.18). The two signature motifs characteristic of Class I Ade-
nylate cyclases (classified as PSO1092 and PSO1093 motifs in PROSITE)  were 
localized (Figure 3.18).  This confirmed PpAC’s classification as a Class I Ade-
nylate Cyclase. The ClustalW alignment result obtained as ALN.files were used 
for subsequent phylogenetic analyses. 
The alignment files generated were used to generate phylogenetic trees. Trees 
were generated in the form of cladograms and phylograms.   Treeview was used 
to view different formats of the trees (Figure 3.19a,b,c,d). 














FIG 3.19a. Unrooted tree generated by TreeView using CLUSTAL W generated 
dnd files as input. Default parameters were used. Gaps were ignored. Distance cor-
rections was enforced by Kimura’s methods. Sequence format is the Pearson format. 
The method used for constructing the trees is the Neighbour joining method of Sai-
tou and Nei. ClustalW( www.ebi.ac.uk/tools/clustalw/index.html); TreeView (http://
taxonomy.zoology.gla.ac.uk/rod/rod.html) 
FIG 3.19b. Cladogram of PpAC and Adenylate cyclases from Pseudomonas sp. De-
fault parameters were used. Gaps were ignored. Distance corrections was enforced 
by Kimura’s methods. Sequence format is the Pearson’s format. The method used 
for constructing the trees is the Neighbour joining method of Saitou and 
Nei.ClustalW( www.ebi.ac.uk/tools/clustalw/index.html); TreeView (http://
taxonomy.zoology.gla.ac.uk/rod/rod.html) 
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FIG 3.19c Cladogram of PpAC and Adenylate cyclases from other bacterial sp. Default parameters were used. 
Gaps were ignored. Distance corrections was enforced by Kimura’s methods. Sequence format is the Pearson’s 
format. Some of the members used for the analyses is given in Table 3.3.ClustalW( www.ebi.ac.uk/tools/clustalw/
index.html); TreeView (http://taxonomy.zoology.gla.ac.uk/rod/rod.html) 
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FIG 3.19d Phlylogram of PpAC and Adenylate cyclases from other bacterial sp. Default parameters were used. Gaps were ignored. Distance corrections 
was enforced by Kimura’s methods. Sequence format is the Pearson’s format. Some of the members used for the analyses is given in Table 3.3.ClustalW
( www.ebi.ac.uk/tools/clustalw/index.html); TreeView (http://taxonomy.zoology.gla.ac.uk/rod/rod.html) 
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                          CHAPTER 4.   DISCUSSION 
 
A. MUTAGENESIS STUDIES OF  PSEUDOMONAS  MorA : 
 MorA has been recently described as a global regulator of  the timing of flagellar 
formation in Pseudomonas putida PNL-MK25 (Choy et al. 2004). It  has become 
the subject of various biochemical, genetic and biophysical studies to understand 
MorA molecular mechanisms as well as targets regulated by it. My  purpose of this 
study was to generate site-directed mutants of the catalytic domains of  
MorA ,which could be used for subsequent characterization of function.  Mutants 
are very critical tools in studies of protein structure and function. By creation of dif-
ferent types of mutation of key residues, and  by  performing biochemical, structural 
and functional analyses, using these mutants, one can pinpoint the key residues in-
volved in a protein’s function and can dissect the molecular mechanism of its action. 
 A recent paper by Chan and colleagues in 2004 provided the first  crystal structure 
of a DGC domain containing response regulator  protein PleD, in complex with c-
di-GMP (Chan et al 2004). The crystal structures highlighted some key residues, 
namely,  Asn-335 and Asp-344, which may be critical for the enzymatic action lead-
ing to the formation of c-di-GMP.  So, the corresponding amino acids of MorA 
DGC (GE) domain (N-95) and (D-105) were chosen as targets for mutagenesis on 
the hypothesis that mutating these residues would affect the substrate (GTP) binding 
to the active site of the enzyme, thus affecting the enzyme activity. 
In this respect, one such mutant GE_N* was generated by site directed mutagenesis 
using Quik Change XL site directed mutagenesis kit. The N-95 amino acid in GE   
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was mutated using Quik Change XL site directed mutagenesis kit to Alanine. The 
mutation was confirmed by DNA sequencing of the plasmid. The predicted MorA-
GE-N* protein was expected to have a molecular weight of 49 kDa and  a pI of 
5.65. The mutated protein was then expressed as an N-terminal GST  tagged fusion 
protein in E. coli BL-21  according to a protocol devised by a previous coworker 
(Lye, 2006).  
A GST system based expression strategy offers several advantages over other sys-
tems, including elevated levels of expression  of protein and gentle elution condi-
tions for release of fusion proteins, which minimizes changes to the antigenicity and 
functionality of the protein. The pGEX-6P-1 vector system used here offers a highly 
site specific cleavage system for purification of proteins (Prescission Protease). The 
cleavage is carried out at low temperature conditions ensuring increased protection 
of the stability of the target protein. E. coli BL-21 strain was used as the host for the 
expression of fusion protein as it is deficient in Lon protease and OmpT, which  are 
known cytoplasmic proteases. 
Both  MorA-GE-N* protein and rGST protein were found to be expressed to very 
high levels following induction. But following lysis, the MorA-GE-N* protein was 
found to localize in the pellet so the pellet was resolubilised through a combination 
of denaturation by urea and renaturation by rapid dilution or dialysis. Highly pure 
protein (as observed during SDS-PAGE) was obtained with dialysis but not with 
rapid dilution. Probably rapid dilution may be more deletrious to the stability of the 
fusion protein. Other methods of resolubilising  include use of Non detergent sul-
fobetaines and chromatography (Lili, 1998; Song 2005; de Bernardez, 1998). 
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It cannot be said for sure whether the insoluble property of the mutant protein is a 
property of the mutation as unfortunately, the wild type protein was not run along-
side as a control. Better experimental design and usage of proper controls could 
have confirmed this point. Following affinity purification of the resolubilised pro-
tein and on-column cleavage with Prescission Protease,  no GST free protein was 
observed.  This indicates that a significant loss of protein occurred  during the puri-
fication steps. It is possible that the binding of GST tagged protein to the column 
was not strong enough or that the conditions used need to be more standardized. 
     Attempts were made to generate two other mutants,  GE-D* and FL-N*. But the 
mutant plasmid failed to transform in the first case while, in the second case, it 
could not be confirmed by sequencing whether the mutation was achieved. The mu-
tants generated this way could be used for biochemical analyses of the structure and 
function of MorA. More such mutants generated not only in the catalytic  domains 
but also in the sensory domain will be able to help elucidate the signaling pathway 
involving MorA. Techniques such as CD, NMR Spectroscopy  and X-Ray Crystal-
lography would undoubtedly prove to be essential tools in  this role. 
 
B. Cloning and  Sequencing  of   an  Adenylyl  Cyclase, PpAC from P. putida  
PNL-MK25 
The other part in this work has been the cloning, sequencing and bioinformatics   
analyses of a putative MorA signalling pathway member , an Adenylate Cyclase, 
PpAC.  This work had its roots in work done previously (Ng, 2006) wherein dur-
ing a screening of MorA double mutants for revertants of phenotype from hyper-
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motile to hypomotile, five revertants were obtained, one of which was an aden-
ylate cyclase.  
Homology Based Cloning: 
The partial (~500 bp sequence) obtained, during the sequencing of the mutant D4 
for location of the insertion point was used as  the basis for  homology  based clon-
ing of this gene from P. putida PNL-MK25. The closest match to this fragment was 
obtained from PflO-1( P. fluorescens) ( Pfl_5493). Primers were designed from the 
genes flanking this locus and used to amplify the PpAC. However, caution was used 
when using simply homology as a basis for cloning a gene as there was a risk of the 
wrong gene being amplified owing to mispriming. In fact, this happened here as  
some of the clones obtained  on sequencing showed matches to an unrelated gene,a 
flagellar basal body rod protein gene. This occurred as one of the flanking primers 
had an exact matching sequence in the gene flanking this gene.  So, to confirm that 
the correct gene was cloned, the entire sequence obtained in this work was aligned 
with the partial sequence obtained previously (Figure 3.12). In addition, gene walk-
ing  in opposite directions from the transposon insertion point in the mutant would 
provide an additional physical strong confirmation of the correct sequence being 
cloned.  
A genomic fragment of 3.75 kb was amplified from genomic DNA of P. putida us-
ing a mixture of Taq and Vent polymerases in a 1:9 ratio. Vent polymerase has 
proof reading activity which will ensure removal of wrong bases during PCR but at 
the same time the concentration of Vent is kept very low to ensure that it does not 
cleave away  the PCR product as it is a highly processive enzyme. A combination of 
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While the TA cloning method used for cloning the PpAC and its flanking regions 
into pCR-IV™ vector proved to be efficacious, a point of concern was the high per-
centage of recombination occurring during the cloning process.  The number of 
clones with the correct insert and the number of clones with recombination between 
insert and vector were nearly equal. A likely reason could be due to problem with 
the competent cells used. 
Genomic context of PpAC : 
Comparison of the genomic context of PpAC and its homologues in other Pseu-
domonas sp showed that, in general, this locus is highly conserved with the ex-
ception of P. syringae in which there seems to be a complete change in the ori-
entation of the entire locus and P. putida KT2440 . The PpAC is flanked on the 
right hand side by two genes encoding hypothetical proteins and on its left side 
by an rnk gene. The rnk gene encodes a regulator of nucleotide diphosphate 
kinase. Nucleoside Diphosphate Kinase has been known to play important roles 
in ribonucleoside and deoxyribonucleoside triphosphate synthesis, metabolic 
regulation and DNA repair in both eukaryotes and prokaryotes (Shen et al 2004). 
E. coli NDP kinase has been shown to  interact  directly with T4 thymidylate 
synthase, aerobic ribonucleotide reductase, dCTPase-dUTPase, gene 32 single-
strand DNA-binding protein, and deoxycytidylate hydroxymethylase. The inter-
actions with ribonucleotide reductase and with gp32 are enhanced by nucleoside 
triphosphates. E. coli NDP kinase, which catalyzes the last reaction in dNTP 
synthesis, occupies a strategic position in the flow of nucleotides from the dNTP 
synthetase. Therefore, it can be realized that any regulator of NDP Kinase  
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would affect the nucleotide metabolism, which in turn affect, directly or indirectly 
the activity of enzymes like Adenylate cyclase. The upstream region of PpAC pos-
sesses potential binding sites for ExsA like transcription factors. ExsA  is a 
member of the AraC family of transcriptional activator proteins  containing car-
boxy-terminal helix-turn-helix DNA binding motifs and is responsible for regu-
lation of exoenzyme S in Pseudomonas aeruginosa. 
Primary, Secondary and Tertiary Analyses of PpAC: 
The  predicted PpAC protein is 946 amino acids long and has a single large ade-
nylate cyclase domain extending from 70 to 818 with some internal disordered 
regions.  ProtParam indicates it to be an unstable protein, which is an important  
indicator towards its function in signaling, discussed later on.  Pattern and Pro-
file searches using Scan Prosite shows the presence of motifs for myristoylation 
and phosphorylation (incuding a cAMP phosphorylation site). Topology predic-
tion to determine any possible transmembrane regions by TMPred revealed pres-
ence of a high scoring,  inside to outside, helical 12 amino acid region  around 
535 to 554 . These suggestions are purely speculative and should be used with 
extreme caution since they are based on the assumption that all transmembrane 
helices have been found. A similar result was indicated by the DAS curve. Sec-
ondary Structure analyses by PROF software indicates  it has a mixed structure
( alpha/beta ) and has a great percentage of its residues exposed to solvents. This 
is in line with fact that many Adenylate cyclases are known to be cytosolic. Ter-
tiary structure prediction with Comparative modeling  methods like SWISS-
MODEL and EsyPred3 failed due to a lack of a suitable template for modeling. 
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However, threading based methods like FUGUE and LOOPP gave some hits. 
The highest matches by FUGUE were to elicitor protein pcf from Phytophthora 
infestans  and necrosis inducing protein nip1 from Rhynchosporium secalis. 
 
Domain and Phylogenetic analyses : 
 
Domain analyses  and phylogenetic analysis of PpAC and its homologues indi-
cate a divergent evolutionary pattern for PpAC as well as a distinct protein archi-
tecture for PpAC. The phylogram of PpAC and ACs from other bacterial species 
(Fig 3.19d) indicate that PpAC has  undergone considerable evolutionary change 
as evidenced by the length of the branches. The cladograms of PpAC and  ACs 
from Pseudomonas sp  and other species ( Fig 3.19 a,b and c) show the common 
ancestry but also show that PpAC has markedly diverged from the other Pseudo-
monas species. However, the presence of the extremely conserved Signature I 
and Signature II motifs characteristic of Class I Adenylate Cyclases amongst all 
of them signify their common origin  It may be possible that PpAC may show 
additional functions in addition  to its known Adenylate Cyclase activity as evi-
denced by its variance with others shown in the Phylogram and Cladograms but 
that can be corroborated only with functional analyses and mutant studies. As the 
FUGUE results indicate, its predicted structure shows high similarity to that of 
elicitor proteins in bacteria which are involved in infectivity. It is possible that it  
may be secreted out during the course of infection, where it may play a major 
role by triggering cAMP mediated signaling pathways. 
 
















FIG 4.1.  Model for  PpAC in MorA  signalling  pathway 
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Role of PpAC in morA signaling pathway? 
 
What sort of a role  PpAC would  play in the MorA mediated signalling pathway 
in Pseudomonas? (Figure 4.1). MorA  has emerged  to be a key global regulator 
of signaling and  not only affects the timing of flagellar formation but also the 
expression of  561 genes, as shown by microarray experiments (Choy, 2004), 
ECF type sigma  factors and downstream genes, biosynthesis of acetyl phosphate 
(donor of phosphate group ; regulator of many important pathways), antibiotic 
resistance genes and type II secretion system genes (Ng, 2006). Being a 
GGDEF-EAL domain protein, it is presumably implicated in c-di-GMP medi-
ated signaling. c-di-GMP is  already known to be a strategic player in microbial 
signaling mechanisms involved in  various phenomena like biofilm formation, 
motility, sessility etc. 
Adenylate Cyclase ( ATP diphosphate-lyase ) is the enzyme responsible for the 
synthesis of 3’5’ cAMP  from  ATP or dATP, which is an important intracellular 
signaling molecule already known to play important roles in cells (IntEnz data-
base). There are three classes of cyclase: class I ,class II and class III. Class III 
cyclases are the ones widely distributed in mammals and bacteria  and comprises 
the largest family of Adenylate cyclases while Class I is found mainly in entero-
bacteria. The  predicted PpAC belongs to the latter class. Since the original mu-
tant D4 was  a MorA double mutant revertant to hypomotility , this places the 
PpAC  gene downstream in morA  signalling pathway.  
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FIG 4.2  Predicted  Interaction  Network for Pfl_5493  (http://www.String.embl.de) 
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This would imply a possible cross talk between c-di-GMP and cAMP wherein 
each may exert an antagonistic effect on each other. In Escherichia coli and 
Salmonella enterica serovar Typhimurium (S. typhimurium), the cAMP circuit 
consists of one adenylate cyclase, a cAMP receptor  protein and a phosphodi-
esterase respectively (Imamura et al.,1996, Lee et al, 2005). It would be interest-
ing to isolate similar cAMP receptor proteins  and see whether they are upregu-
lated or down regulated  during the course of MorA signaling ( in morA mutants 
and overexpressing strains) and to discover a similar circuit. There may be tar-
gets common to both these signaling molecules, through which they can exert 
their influences. 
PpAC may be part of a network similar to that predicted for Pfl_5493 in Figure 
4.2.(http://string.embl.de).  String is a database of known and predicted protein-
protein interactions (von Mering et al 2007).The Pfl_5493 network in P. fluores-
cens displays partners predominantly belonging to nucleotide metabolism  fam-
ily including NDKinase genes, pyruvate kinase and RNA polymerases. This is in 
line with the earlier mentioned importance of the rnk gene next to  PpAC and its 
probable importance in the cAMP signaling pathway. 
It would also be interesting to study the interaction of cAMP with the compo-
nents  of the flagellar pathway, effect on virulence and biofilm formation. 
Generation  of  mutants  of  this  gene   and  further  molecular  and  biochemical 
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Generuler 1 kb Range DNA ladder: 
14 fragments (in bp): 10000, 8000, 6000, 5000, 4000, 3500, 3000, 2500, 2000, 
1500, 1000, 750, 500, 250. 
The ladders are composed of chromatography-purified individual DNA frag-
ments 
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                                                      APPENDIX   3 
 
                      Procedure for  performing DNA sequencing 
 
 
1.Prepared high quality plasmid DNA for sequencing by Wizard Prep plasmid 
isolation kit. 
 
2. Set up sequencing reaction as follows. For 5 µl reaction, 200 to 500 ng of dou-
ble stranded plasmid, 0.8 pm of primer, 2µl of Big Dye and rest de ionized water 
was added to  make up the volume. 
 
3.Performed the cycle sequencing as follows: 
   96 C for one minute,  25 cycles of  96 C for 30 seconds, 50 C for 15 seconds 
and 60 C for four minutes with intermediate ramping at the rates of 1.1C/s. Then 
final ramping to 4C. 
 
4. The samples were spun down and purified by Ethanol/Sodium acetate precipi-
tation. 
 
5. The dried pellets were redissolved in formamide, loaded into the sample trays, 
and then denatured at 95 C for two minutes. 
 
6. Then the samples were cooled on ice 
 
7.The sample trays were sealed with a septum and placed in the autosampler. 
 
8.Capillary electrophoresis of the samples were carried according to the manu-
facturer’s instructions. 
 
9.The sequence data was analysed using Chromas software. 
 
 
